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FOREWORD 

The Function of Criticism in Medicine 

T he reprinting of the papers herein collected from the 
pages of Brain was originally planned to meet a 
continued demand for reprints of the earlier members 
of the series after these had been exhausted. It has, however, 
been suggested to me that this republication may ser\'e a 
wider, if still a modest, purpose : namely, the presentation 
of a collection of largely critical studies at a time when the 
climate of opinion docs not favour the critical, and when 
interest has suoing from any living conception of medicine 
or ph>*siolog>‘ as branches of natural philosophy to a pre- 
dominant preoccupation with new techniques and their 
rich harvest of new facts. That the harvest is rich it would 
not be candid to deny. 

All the papen, c.xcept the address with which the 
series ends, arc largely critical in character and content, 
dealing with certain limited and specific aspects of the 
anatomy and physiologs’ of the ncr\'ous system as these are 
related to clinical neurolog>'. Yet it may be submitted, 
not unfairly, that they are not merely critical, for they seek 
also to present certain fresh generalizations and to integrate 
the diverse material under consideration into new patterns 
that arc not always in accord srith those designed by the 
original authors svhosc work comes under rc\’iew. 

\Vhen sve bear in mind, as we may so profitably do, the 
salutary and powerful influence which critical thought and 
writing have had upon the dcs'elopment of literature, and 
recall the stature of some of the figures who have been both 
outstanding critics and creative writers in literar)’ histor)-, 
it is with a strong sense of contrast that ^ve recognize how 
rarely we meet the critical in the literature of science, and 
how minor a role it plays in our time. Even those suggestive 
and searching analyses of the nature of modem science that 
^\^l^tchead has given us arc not known to the generality of 
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scientists, though this may in part be due to the forbidding 
linguistic problems his writings present, and in part also 
to the lingering influence of that hostile attitude to philosophy 
that we sec so dogmatically exemplified in Karl Pearson’s 

Grammar of Science.” * 

In any case, wc may wdl ask oursehes ^vhcther, despite 
the many and obMous diflcrcnccs between literature and 
science, it can be altogether wholesome to find that the 
unresting collection of new facts in sdence is to so relatively 
slight a degree accompanied, or illumined, by the critical 
assessment and synthesis of all this nesv information, or at 
least by some deliberate search after synthesis. Here, 
surely, integration is not keeping pace with diflerentiation. 

For netv facts, or what claim to be such, the editor of 
the scientific journal has an insatiable appetite, but to 
anything in the nature of critical writing he is often found 
to be acutely allcigic, and at the writer thereof he in- 
stinctively looks askance. In a forthright and penetrating 
lecture upon this subject, Dingle* expresses the dew that 
“ the extent to which recognition of an actmty is tangibly 
manifested is a true index to the respect in which that 
actidty is held, and a condition in which clear-sighted 
•understanding is esteemed so lightly in comparison with 
blind achicN’cment is not one which ought to be regarded 
without misgiving.” 

For too many amongst us, abo, the inadequate con- 
ception that "science is measurement" and concerns itself 
with nothing but the metrical has become a thought- 
cramping obsession, and the more nearly a scientific paper 
approximates to a long and bloodless caravan of equations 
plodding across the desert pages of some journal between 
small and infrequent oases of words, the more quintessenti- 
ally scientific it is supposed to be, tJjough not seldom no 

> In comment upon <uch an attitude Whitehead ta)i : “.All science sufTert 
from the \ice that it may ^ emubiniug varioui propositions which tacitly 
presuppose inconsistent backgrounds. Ko science can be more secure than 
the unconscious metaphysscs vttuch tacitly it pttsupposes. . . . Thus the 
eertaintifs of science are a delusion. They are hedged around with unexpl(^d 
limitations." (** Adtenturcs ofldeas," Carntridge University Press, *9331. 

* " The Missing Factor in Sctence.” Inaugural Lecture by H. Dingle, 
Professor of the History and Fldcec^hy of Science in Unherwty College, 
J.«ndon. H. K. Lewis, London, 1947 . 
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one can tell — and few are interested to ask — whither in 
the kingdom of ordered knowledge the caravan is bound. 

^^^late%•er may be true of the physical sciences, the day 
is not arrived when all the truths of medicine and biolog)’ 
can be reduced to this bleak residue, or when living nature 
can be comprehensively e.xpresscd in what fashion decrees 
shall be called a protocol. 

Darwin would have fared ill indeed under such a 
dispensation, for he offered neither equations nor formula to 
the science of the nineteenth centur>' to adorn the fruits of 
his immense genius for natural philosophy. 

Now even within the relatively small field of neurological 
study, using this term in its widest sense to include anatomy, 
physiology and neuropatholog)% knowledge has become so 
wide and so differentiated, and techniques of exploration so 
diverse, comple.\ and exacting, that a synoptic and balanced 
appreciation has become as difficult as it is rare. None 
but the hardiest would now readily venture upon the labour 
of critical thinking or of w-riting outside the limits of his 
own special interest within it. 

Yet surely it is sital that our understanding should be as 
comprehensive as possible, and essential that we should 
exercise an unremitting critical vigilance in assessing the 
published records of relevant thought and observation. 

Now the training of the critical faculty upon which this 
must depend cannot begin too early in a scientific education, 
and in respect of medicine the case for it has been so cogently 
stated by Sir Thomas Lewis * that it may be useful to quote 
at length what he has to say : “ Reform, to be useful, must 
render the student of medicine discriminating in a world 
where a disquieting proportion of what is offered him in 
conversation and in the generality of journals and of books 
is inaccurate, slovenly or redundant. ... It is fundamental 
in medical, as in all other forms of education, that the student 
should acquire sound habits of learning. He should become 
acquainted vrith the history of discovery’, coming to under- 
stand horv knowledge has been and is being won ; he should 
be taught to recognize sound sources of information, past and 
present ; he should be taught to study steadily and intelli- 

* “ Reflections upon Reform in Medical Education.” Lartcii, i&44> i. 

[“] 



gently ; that he may come to possess that great acqubidon 
of the student — namely, a fondness, or more exceptionally a 
passion, for understanding, and through this acliieve 
conscious independence of thought and judgment. Under- 
standing derives from an intelligent and discriminating 
study of past and present experiences ; once attained it 
unbolts the doors to an understanding of further experiences. 
Discrimination of true from false relics upon a praetbed 
faculty of criticism, and upon a firm grasp of the rules of 
evidence. Understanding is the basb of progress and the 
Nital flame in education ; discrimination is the only sure 
defence against fabe doctrine and unsound practice.” We 
may round off this long quotation by another and brief one 
from Dingle {loe. at.), thus : ” Criricism can no more 
prevent the emergence of the good than that of the bad, as 
the example of literature shows, but it can create an 
atmosphere in svhich the good flourishes and the bad 
wthers.” 

But it is still not enough to have sound sources of informa- 
tion and to be able with confidence to dbtingubh the wheat 
from the tares. Facts, after all, arc not science but only the 
raw material of that ordered knowledge which is science, 
and In the ordering of facts, in the capacity to choose the 
significant amongst them, to apply the inductive process 
to them and to make those syntheses svhich arc the natural 
starting points for further planned experiment and obsers'a- 
tion, there also wc find tlie highest role of the trained critical 
faculty. Observation b selection and thus implies the 
presence of directing ideas, of hypothesis. Long ago 
Hughlings Jackson, a true natural philosopher in medicine, 
observed that “ sve have multitudes of facts, but we require, 
as they accumulate, organizations of them into higher 
knowledge ; we require generalizations and svorking 
hypotheses. . . . The man who puts tsvo old facts into 
new and more reahstic order deserves praise as certainly 
as does the man who dbeovers a ne^v one. There is an 
originality of method.” 

\Vhat I have in mind as a natural extension of those 
qualities desired by Lewis in the student of medidne b more 
fully exposed in the last paper in this volume : an address 



entitled “ The Integration of Medicine,” and need not be 
further elaborated here. 

It would be impossible for the candid obsen-er to deny 
that ss-ithin the field svith which the papers here collected 
seek to deal there is a large measure of truth in the indictment 
that Lewis has made in the passage quoted, for there is not 
a little in our literature that is inaccurate, slovenly and 
redundant, and, after all, our literature is but the expression 
of our thinking. To find examples is a task as easy as it is 
depressing. For instance, it would seem incredible, did we 
not know it to be true, that for approximately seventy years 
sve have included svithin what purports to be a scientific 
nomenclature the term “giant cell of Betz.” Yet at no 
time within that long period have \vc ever had a precise or 
commonly accepted definition of what the term referred to, 
nor any universal criterion by which the object so named 
could be certainly identified. Long assumed to be a specific 
morphological entity with specific functions, it is found to 
have as many metrical qualifications as there are writers 
who have written about it, and since there has been no 
agreement as to what constitutes a giant cell of Betz, there 
can be no agreement as to its distribution in the precentral 
cortex, or as to its role as the cell from which the pyramidal 
tract fibre has been said exclusively to arise. 

On this unstable anatomical foundation, an h>T5othesb 
of the constitution and role of the motor cortex has been 
hopefully erected, with chaotic results that should not 
surprise us. 

In the general field of cortical cvloarchitectonics a 
comparably vague state of affairs preva^, and the readers 
of a recent superb critical and constructive examination 
of the subject by Lashlev* and Clark * will find therein 
confirmation of the conclusion submitted in one of the 
following papers that this body of knowledge is to a grave 
degree illusorj- in its apparent precision, is based upon the 
study of an indequatc number of samples by methods which 
lack any constant standards of obscixTition and result in 
conflicts of statement that base gone far too long uncriticised, 

* “ The Cytoarchitccture of the Cerebral Cortex of Ateles : A Critical 
Eianiinauon of Architectonic Studies.*' y. Comp. .Vrnre/., 85, 223. 
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critic do not invalidate the principle that only the sharp and 
steady breeze of critical thought can keep the atmosphere 
of the laborator>', the clinic and the study fresh and whole- 
some and allow knowledge to grow undeformed therein to 
its full stature. 

A prime purpose of tins reprint, therefore, is to stimulate 
critical thinking amongst post-graduate students of neurology 
svho may svish to penetrate more deeply into one or other 
aspect of this fascinating branch of medicine, and, when 
they sit down before the literature, to make of them gourmets 
rather than gourmands. I am persuaded that our work and 
our literature display too rarely the power of logical and 
sustained thought j the capacity to distinguish between 
thoughts, svords and things in drasving conclusions and 
elaborating hypotheses ; and, finally, the ability to make 
abstractions that are not vitiated by a neglect to consider 
relevant truths omitted in the process of abstraction. At 
times, indeed, it is no etaggeraijon to say our litcratur; 
sinks to the le\‘el of the naive, for sustained thought is an 
effort SVC engage in only under duress, as it svere, and in 
a field of knowledge so vast and containing so much that is 
yet uncomprehended it is fatally easy to decline into facile 
allegory, and to be content with a medley of arf Aoc 
hypotlieses. 

It is tempting, and a humbling exercise, sometimes to 
sec the humorous side of our interests and activities, and in 
this mood it is not altogether inapt to say that there are 
chapters in neurological literature that might justly be 
styled " neuro-mythology.” Examples of this have been 
mentioned and, I believe, it would not be difficult to add 
to them. 

In conclusion, the reader of these papers could pay 
no greater compliment to thdr author than to read them, 
as they were composed, in a critical spirit. Six years have 
already passed since the first two of them were written, 
years in \vhich, tlianks largely to the ^vo^k of Graham 
\Veddell, our kno\vIedge of the anatomy of cutaneous 
innervation has growTi ; in which Lashley and Clark’s 
study of cortical cytoarchitectonics promises to open a 
fresh and more scientific chapter in that somewhat unsatis- 
[xiv] 



factory body of knowledge ; and in ^vhich the ^vork of 
GelJhom and his collaborators upon the motor cortex has 
sho^\■n with increasing clearness how unreal is the widely 
current conception of that cortex as being anatomically and 
physiologically a “ mosaic.” 

It begins to appear possible that we shall understand 
the motor cortex belter if we make some differentiation 
between it and the cells of origin of its main projection 
tract, the pyramidal system. A comparison between the 
second and the fifth paper of this series will indicate that 
the author has somewhat changed his \icw on this matter 
in the direction thus implied. There can be no finality- 
in science, and the critical wTiter, if he does not learn as 
he goes, had better cease from his labours. 



The Anatomy and Physiology of 
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Chapter I 


The Anatomy and Physiology of 
Cutaneous Sensibility 
Part I 

CLINICAL-EXPERIMENTAL OBSERVATIONS 
1. — Introduction 

Nearly forty years have elapsed since the publication of 
Head and Rivers’ paper, “ Tlie Aficrent Nervous System 
from a New /\spect ” (1905), opened a fresh chapter in the 
study of the sensor^' system, and gave a direction to sub- 
sequent studies and to our ideas on the subject that still 
remains dominant in neurological thought. Prior to Head’s 
work there had been two main trends in the study of the 
sensory ncrv’ous s>'stcm : purely phjTJological and morpho- 
logical studies of the sensory end-organs in normal skin 
and of their functional qualities, and the predominantly 
anatomical studies of sensory ner\'e distribution in lesions 
produced by injury and disease. Head, feeling that the 
study of disordered sensory function had been subordinated 
to anatomical considerations and that it called for the same 
physiological methods that had been devoted to the study 
of normal cutaneous sensibility, turned to the investigation 
of the nature of sensory disorders and to their interpretation 
in terms of normal function ; at first as revealed in the 
clinical examination of the results of disease and injury of 
peripheral nerves, and later by the experimental method. 
As is well known, he caused a cutaneous nerve to be severed 
in his osvn forcann, and then with his collaborator Rivers 
proceeded to examine and anal5’sc the disorders of sensor)’ 
function immediately resulting, and to trace the restoration 
of sensory activity as the severed nerve regenerated. The 
method tvas essentially a physiological one, its prime object 
the determination of function. It was only secondarily 
concerned srith structure. 
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In seeking to generalize from his observations, he came 
to postulate the existence of a double system of cutaneous 
sensory ners-es and end-organs to which he gave the now 
familiar names of the protopathic and cpicritic systems. His 
studies included no direct attempt to ascertain whether or 
not the skin actually contained these anatomical medianbms, 
but it svas concluded that they must exist to account for 
the physiological phenomena observed. The later and more 
c.xhauslivc studies of Trotter and Dawes (1909, 1913} on 
the sensory inncix'ation of the skin were carried out by Uic 
same experimental method : namely, by cutaneous nen’c 
sections on the observers themselves, but they did not find 
it necessary in the interpretation of their findings to postulate 
the existence of any anatomical structures not already kno^vn 
to exist. Still later, Coring (1916) again adopted this 
experimental method, and here, as in the two earlier series 
of observations the prime concern was to determine the 
nature of cutaneous sensory function rather than that of 
sensory structures. 

More recently, Lewis (193G) has used the experimental 
mediod in the investigation of the sensory phenomenon of 
cutaneous hyperalgesia produced by local injury. Like 
Head, he has deduced the axistence of a special system of 
ncn'cs and end-organs in the skin to account for his findings, 
and these he has named “ the nocifensor sy-stem of ncn’cs." 
Although he specifically denies strictly sensory functions to 
these nerves, he associates them closely with the activity 
of sensory ncn’cs, and thcrelbrc they may be considered here. 
Like Head, too, Lewis provided no direct evidence of the 
actual anatomical existence of the system of nerves in 
question. Tlicreforc, both these observers may be saici to 
subordinate the study of structure to that of function, and 
arc ready to call into axistence, as it were, anatomical 
structures to meet the apparent requirements of physiological 
observation. At a time when the state of knowledge of die 
sensory equipment of the skin was imperfect, this mode of 
deduction svas perhaps justifiable and necessary, and it has 
certainly added valuable chapters to the body of neuro- 
physiology. Yet there arc manifest dangers in the method, 
or theories of function can never be regarded as soundly 
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based until they rest upon an assured foundation of 
ascertained structure. 

It is important to note that the structures the existence 
of which has been postulated by Head and by Lesvis are 
peripheral and not central. In the case of Head’s theory of 
the constitution of the sensorj' sj'stcm, the progressive 
elaboration of this system during phylogenetic evolution is 
belie\’ed to have been achie\'cd by the multiplication of 
peripheral sensory’ end-organs and nerves ; thus, the epicritic 
system of nerx-cs has been dc\'cIopcd to amplify and control 
a more primitive protopaihic system. Yet all that we have 
learned of the evolution of the ner\'ous system encourages 
us to think that the elaboration and refinement of nervous 
function has been attained, not by any multiplication of 
peripheral organs, but by increasing difTcrcnliation and 
integration of function in the central ncr\’ous organ. Since 
its first appearance, the spinal cord has evolved but little, 
the peripheral ner\ ous system probably even less. 

It is therefore improbable that the development of 
sensory' function can have been reached by anatomical 
additions to the peripheral sensory mechanisms. In his 
Gifford Lectures (“ Man on his Nature,” Cambridge 
Univenity Press, 1940) Sherrington makes a reference 
germane to this point. “ The naive observer,” he remarks, 
” would have e.xpcctcd evolution in its course to ha\’e 
supplied us with more various sense organs for ampler 
perception of the world. . . . The policy has rather been 
to bring by the ncr\'ous system the so-called “ five ” into 
closer touch ^^’ith one another. A central clearing house 
for sense has grown up, . . . Not new senses, but better 
liaison behvecn old senses is what the dcs’cloping ner\’ous 
system has in this respect stood for” (pp. 287-89). 

Within the past few years our knowledge of the anatomical 
basis of cutaneous sensibility has advanced considerably, and 
Woollard (1940), by the use of a simple direct method of 
examination of sensory nerve fibres in the skin, has restored 
structure to its proper place in the study of the sensory 
nervous system. Electro-physiological methods in the 
hands of Adrian and othcre ha\’e also taught us much about 
the nature of the ner\’c impulse, and have forced us to 
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abandon the notion of scnsor>’ impulses of %'ariou3 specific 
qualities. The moment seems ripe, therefore, for a general 
revimv of our knowledge of the factors underlying cutaneous 
sensibility. 


II. — Head and Rivers* Theory of the Afferent 
Nervous System and some op its Corollaries 

’ In the classic series of studies on the sensory •ner\'ous 
system with which Head and his collaborators have enriched 
clinical neurology, three of the early papers were devoted 
to the peripheral nen'ous system. From their investigations 
of Uie sensory changes following upon injuries of various 
peripheral nerves, and more particularly from the minute 
study of an area of sensory loss experimentally produced 
on Head himself by the section of the radial ner\'c in his left 
forearm, Head and Rivers came to very striking and definite 
conclusions as to the constitution of the peripheral ncr\'ous 
system on the afferent side. Expressed at this stage as 
briefiy os possible, their theory is that tlie aitancous afferent 
nervous supply is dual and consists of two anatomically and 
physiologically distinct systems of receptive end>organs and 
conducting neurones. One of these, which they call the 
protopalhic sysUm, is more primitive both in its origin and 
in the nature of its actlrity than the other, or tpkrilie system, 
which becomes the dominant partner with reactions of 
considerable refinemenL In addition to tijcsc two purely 
aitancous systems the structures deep to the skin have their 
own sensory nen'c supply. Tlic peripheral afferent nenous 
system consists, therefore, of three fibre systems. The division 
of function between them and the relations in ^vhich they 
stand to one another, as described fay Head and Rivers, 
form one of tlic most complex chapters in the physiology 
of the nervous system, and one which, if we accept their 
theory, is of fundamental importance. 

In later studies, Head and his co-workers traced the 
passage of afferent impulses through the spinal cord until 
tliey finally reach the highest centres and enter into con- 
sciousness to form the basis of sensation. Into each of these 
studies the theory of the constitution of the peripheral 
[ 6 ] 



nervous system to which brief reference has been made was 
woven, and svith the publication of the last of these, that on 
“ Sensation and the Cerebral Cortex,” took a permanent 
place in Head’s conception of the whole afferent nervous 
system. 

Yet the implications of this initial conception of the 
peripheral sensorj’ endoument were to be extended still 
further, for in the course of his investigation with Riddcyh 
of the reflex phenomena of the disided human spinal cord. 
Head (H., p. 467) came to the conclusion that the reflex 
activity of the isolated portion of the cord shows the general 
features characteristic of the reactions of the protopatliic 
system. The “ mass reflex *’ which they described in spinal 
man seemed to them to present the counterpart on the 
motor side of protopathlc sensibility. TTius arose the con- 
ception of a primitive animal form endowed with an entire 
nervous system of protopalhic quality. Lastly, in his book, 
” Instinct and the Unconscious,” Rivers (1920) boldly 
attempted to construct a biological theory e.\plaining the 
primitive instincts and the genesis of the psychoneuroses on 
the analog)' of a protopathic nervous system. 

Clearly, therefore, the importance of Head’s original 
theory of the sensor)' nervous system is far-reaching, for it 
must influence our entire conception of the development, 
structure and functions of the neiv’ous system. Its founda- 
tions must therefore be closely scrutinized. There are 
several ways in which this task may be approached, hut 
they are not all equally open to us. Thus, the value of the 
facts of observation recorded by Head and Rivers can be 
assessed fully only by those who repeat them. This was 
done by Trotter and Daries (1909, 1913), whose findings and 
conclusions differed in essential respects from, and arc on 
record for us to compare svith, those of Head. Howe\’er, 
there are other avenues of approach to this comple.x problem 
that do not appear to have been fully explored as yet. Firstly, 
we may study the theory as formulated by Head and tr)- to 
determine whether it is the rimplest and least speculative 
generalization of the recorded facts. Secondly, sve may 
examine the final concq>tion of the development and 
activity of the afferent nervous system proposed, in the 
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light of the grncrnl body of physiology and biology. Tliirdly, 
wc m.iy take the “ protnpathic animal ” and attempt to 
determine its possible place, if any, in the evolutionary’ 
series. 

(i) The Ptripfieral Sensoiy Mechanism 

According to Head and Rivers, section of a cutaneous 
nerve results in the prothiction of an area of altcrerl sensi- 
bility \vitli a sharply dclincd border within which the skin 
is wholly insensitive to cotton-wool touch {ej. diagram, p. 31). 
Situated more or less centrally witfiin this area is a region 
which is, in addition, totally insensitive to painful and thcrm.il 
.stimuli and is surrounded by an intermediate zone of skin 
(betsveen it and the margins of the area of tactile ana?stlicsi.i) 
sensith'c to painful stimuli (pin-prick) and to extremes of 
temperature (above 37® C. and below a6® C.) but anaslhelic 
to cotton-wool toiicli. Sensibility to painless. and painful 
deep pressure remains intact throughout the entire area of 
cutaneous change, and the capacity of localizing tlie spot 
pressed remains unimpaired. However, the two points of 
the compass simultaneously applied to the skin OVeberis 
test) cannot be discriminated at all within tlie area of tactile 
nneesthesia. Further, the sensibility of the intermediate 
zone is not only diminbhed in range as compared with 
norma! sensibility, hut it is also qualitatively dilTcrent from 
that possessed by normal skin. TIjus, the prick of a pin is 
abnormally p.iinful and arouses an almost irresistible desire 
to ivithdraw the part pricked. Also, the pain is diffuse, 
radiates and cannot be accurately localized. 

When it begins, regeneration was thought to occur in 
two stages, widely separated in point of time. Tlie first 
stage consisted in the gradual development within the central 
area of the mode of sensibility possessed from the outset 
by the intermediate zone. TIius, painful stimuli and 
extremes of temperature were perceived through the entire 
area by the end of seven months from the date of section 
of the ner\’e. The qualitative sensory altenitions prewously 
noted in the intermrfiate zone were also present throughout 
the area ; the pain of a prick was intolerable, cold was 
unduly cold and ivarmth unusually pleasant. Further, .a 
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form of tactile sensibility began to appear. ^Vhen hair-clad 
skin within the affected area ^\’as stimulated by cotton-wool 
a diffuse, tingling and referred sensation was perceived. 
Wlien the skin was sha\-ed this sensor^' quality disappeared. 
Head speaks of this as a pcailiar form of “ hair sensibility ” 
belonging to the protopathic sj'stcm. A threshold above the 
normal was obscrsxd for all these sensor)- qualities, and (here 
was radiation and inability to localize stimuli. 

According to Head, this range of sensory functions is 
subser\-cd by a system of punctate end-organs in the skin : 
pain, heat and cold spots and hairs. Many months after 
the full establishment of this state of affairs, the second stage 
of restoration of function begins. The diffuse, radiating 
and non-localizable quality of sensations disappears, the 
threshold lowers to normal, the over-response abates and 
sensibility to cotton-wool touch begins to reappear, and with 
it the capacity to discriminate two simultaneous contacts. 
It becomes possible to discriminate tbcrmal stimuli of 
temperatures less removed from that of the skin than 
formerly. Finally, all sensations aroused come to bear a 
close relation to strength of stimulus. To generalize all 
these phenomena of scnsor>- loss and recovery, Head and 
Rivers evolved the h^-polhcsis that the sensory mechanism 
of the peripheral nerves consists of three anatomically 
distinct s>-stems of nen e fibres and end-organs. 

(a) Defp Sensibility. — This responds to moving stimuli 
and to painful or painless degrees of pressure. The fibres 
of this system arc distributed %vith the motor ncr\cs, and 
are therefore not interfered with by section of a cutaneous 
ner\-e. This form of sensibility remains intact when a purely 
ciitaneous ner\'e is dirided. 

(b) Protopathic Sensibility. — ^This is the sensibility of the 
intermediate zone and of the whole area at the end of the 
first stage of regeneration. It is also the sensor}- state of 
the normal skin covering the glans penis. It responds only 
to painful cutaneous stimuli and to e.\trctnes of heat and 
cold. It includes also a form of hair sensibility distinct 
from light touch. It has a high threshold and the sensory 
response is maximal, ungraded, diffuse and erroneously 
referred. 
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(<:) Epicritic Sensibility. — ^This is a sensibility to light 
touch, to intermediate grades of temperature (between 
22" and 40" G.).* It includes the capacity to localize single 
and simultaneous two-point tactile stimuli. It is a low 
threshold mode of sensibility. 

Therefore purely cutaneous sensibility is subserved by 
t\vo mechanisms, and since in a given nerve the area of 
cpicritic supply is apt to be greate'r than that of protopathic 
sensibility, the division of the nerve provides a spatial 
dissociation of the two modes of sensibility, a narrow zone 
of pure protopathic sensibility (the “ intermediate zone ”) 
surrounding the central area of cutanfcous anaMthesia. 
There is also a temporal dissociation, since the protopathic 
mode is restored earlier than the cpicritic (in terms' of 
anatomy, the protopatfiie fibres regenerate more rapidly 
than the cpicritic), and a stage is reached when the entire 
area of sensory cliange is inncrv’ated solely by protopathic 
sensibility. That is to say, the sensory qualities exhibited 
by the intermediate zone immediately after nerve section 
are identical tvith those sho^vn by tbe entire area at the end 
of tlic'first (protopathic) stage of regeneration. The later 
regeneration of cpicritic fibfcs provides a second sjage in the 
restoration of function. Further,‘the disappearance of the 
peculiar qualities ofprotopatluc sensibility, namely, maximal 
ungraded response, dlffuseness and absence of localization, 
when epicritic regeneration is complete, is said to prove 
that the epicritic system inhibits or dominates the proto- 
pathic ; a conclusion that allows us further to suppose that 
the protopathic is a primitive mechanism of earlier 
phylogenetic development than the epicritic system. 

It has been mentioned that notliing is directly known of 
the structures postulated by Head in his hypothesis ' of a 
dual sensory mechanism in the sldn, and the form assumed 
by these in his exposition seems to be determined by what 
Head conceived to be structural necessities of the functions 
he was investigating. Pain, a purely protopathic mode of 
sensibility, is subserved by punctate end-organs, the pain 
spots. Protopatliic thermal sensibility is said to be subserved 
by the “ heat ” and " cold ” spots that earlier investigators 
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had noted, but epicritic heat and cold are believed by Head 
to be subser\‘ed by some non-puncLate system of end-organs, 
the morphological characters ofwliich he nowhere discusses. 
Tactile sensibility (light touch) is subser\'ed by the punctate 
touch spots belonging entirely to the epicritic system. In 
hair-clad skin these are grouped round hair bulbs, but in 
hairless skin — such as the finger tips — they are so closely 
grouped in the skin that it is difficult to demonstrate their 
punctate character. In addition to these epicritic touch 
spots, which Head says are not analogous ^s^th pain, heat and * 
cold spots (though how the)' difler is not stated), there is 
a peculiar form of protopathic tactile sensibility, called 
“ hair sensibility,” which appears to employ the same end- 
organs as epicritic touch. The qualities of protopathic hair 
sensibility are its lack of accurate localization and a peculiar 
tingling quality. How a single type of end-organ can 
subscr\’c these separate and difiering modes of sensibility 
is not e.\plained. This arrangement b most easily seen in 
tabular form : 

Pain : Punctate end*organ> (pain spou) Protopathic. 

Thm^l • ■ Trolopalhic. 

sensibility : j Nan-punctate end-apparatus of unspecified 

1. nature Epicritic. 

Touch: Punctate end-orgam (touch spots) BoUt epicritic and 

protopathic. 

That the primary modes of cutaneous sensibility should 
be regarded as being dealt with by (he nervous system in 
this discrepant manner suggests that the exigencies of 
hypothesis have borne loo hardly upon the facts : an im- 
pression that is not lessened when we Icam, as will be seen, 
that when they reach their first s)'naptic junction in the 
spinal cord, the qualitatively distinct ner\’e impulses assumed 
to be generated in this odd assembly of end-organs lose the 
specific qualities that it is the latter’s prime function to 
confer upon them. This, summarized, is the theor)’ of the 
constitution of the peripheral sensory system formulated by 
Head and Rivers. 

It is now necessar)’ to examine how this anatomical 
background must influence the manner in which impulses 
arising in these cutaneous systems are integrated within the 



organs of the protopathtc, cpicritic and deep systems, “ each 
impulse,” according to Head, “ being stamped with the 
characteristics peculiar to the end-organ in which it has 
arisen” (H.,p.644.), In jmrticular, the protopatUic impulse 
b said to be “ heavily charged wiUt feeling tone.” Yet we 
now know that the individual sensory nerve impulse shows 
no evidence of any specific qualities, and could not in any 
case possess the psycholopcal quality of” feeling tone.” 

Nevertheless, Ict'Us examine what b actually postulated 
of specific combination. By it all sensory impulses rcacliing 
the spinal cord are sorted into new pathways, each of which 
subserves a special mode of sensibility t tactile, thermal, 
paitiful or postural. Thus, ” the afferent consequences of 
all stimuli capable of evoking a sensation of heat, whether 
of cpicritic or of protopathic origin, are gathered together 
into special secondary tracts. Tlic entrance to these is 
guarded by specific ‘ intramedullary receptors * which, like 
resonators, arc attuned to pick up one particular quality of 
impube " (H., p. 651). Further, ” when an impulse which 
has originated in the effective stimulation of a heat spot 
belonging to the protopathic system reaches an intm* 
medullary receptor of the secondary system set aside for 
impubes of heat, it starts a specific impube. But the same 
receptor reacts to the cpicritic impulses which are started by 
stimulation of the skin with temperatures between 32® and 
40® C.” (H., p. 404). Thus, it b inc\'itable that the specific 
qualities attributed to protopathic and cpicritic impubes 
should dbappear when a common secondary patliway b 
entered. It b not easy to see what role is now Itft for selective 
inhibition, or what can be the nature, or what the necessity, 
of a process by which cpicritic sensibility achie\'cs its 
dominance m'er a special variety of protopathic impulse 
that, we are told, loses its characteristics spontaneously when 
it enters the secondary pathway. Despite tlus, it is clear 
from other expositions of the theory that tlie special qualities 
of the protopathic impube arc required to survive until 
the end station in llic thalamus has been passed by the 
ascending impulses. 

Anatomically, the rearrangement b said to be as follows ; 
Impubes subserving thermal and painful modes of sensi- 
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bility enter the secondarj’ path upon their entry into the 
cord ; this path decussates and turns upwards in the crossed 
lateral column (lateral spino-thalamic tract). Impulses 
subserving postural sensibility and tactile sensibility (includ- 
ing two-point discrimination) do not enter the secondary 
path at once, but turn upwards, still in the primary neurone, 
in the posterior column of the side of entry. 'nic>’ meet 
their synaptic Junction at the posterior column, nuclei of 
the medulla and, entering the secondary path which 
decussates at once, undergo a regrouping in which postural 
impulses, tactile impulses and sep-arate impulses subserving 
two-point discrimination all travel in distinct secondary 
paths. But tactile impulses exist of another order. These, 
subserx’ing the sense of touch and localization, arc rapidly 
filtered off into a secondary path which decussates and 
turns upwards in the crossed half of the cord in the ventral 
spino-thalamic tract. 

Specific combination is thus completed, and all modes 
of sensibility arc now travelling in secondary pathways 
grouped as foUo\s-s : {») postural ; (i\) thermal ; (iii) 

painful ; (iv) impulses subserxing the sense of touch ; 
(v) impulses subserxing single spot localization ; (vi) 
impulses subserving two-point discrimination. It should be 
noted that the two last categories do not subserx’C tlte 
appreciation of touch, but only the qualities named. 

Consideration reveals that this remarkable process, 
though avowedly only an anatomical rearrangement, has 
effected (or is presumed to have cflcctcd) qualitative changes 
in sensory impulses, and has abstracted from tactile impulses 
two of the qualities of normal tactile sensibility. Thus, 
Uie deep afferent end-organs normally respond to deep 
pressure and possess the capacity of localizing a single 
pressure stimulus, but they lack the capacity, according to 
Head, of two-point discrimination (Weber’s compass test). 
Tactile end-organs subserx’c light touch, localization and 
two-point discrimination. Yet once the impulses arising 
in the tuo sets of end-organs concerned enter the secondary 
pathway " all distinction is lost beUveen those arising in 
different peripheral systems. The lightest touch and the 
heaxaest pressure, short of discomfort, form the two ends of a 
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graduated tactile scale” (H., p. 655). That is to say, a 
qualitative identity has been conlcired upon sensory im- 
pulses that prior to spatial r^ouping were not identical 
in character. Even more profound is the elTecl of specific 
combination upon tactile impulses, for once the secondary 
patii is entered, localization and two-point discrimination 
each has its own anatomical pathsvay distinct from that 
subserving the appreciation of touch. 

Now, as a mental act on the observer’s part it is possible 
to abstract separate qualities from a single natural function. 
Tlius, we can think of tactile sensibility, localization and 
two-point discrimination as abstractions and separately, 
but they cannot exist apart In nature. There Is no such 
thing as localization or .discrimination, there arc only things 
localized or discriminated, and we cannot conceive of an 
impulse that allows us to localize or to separate svithout 
making us aware of the things localized or separated. This 
conception of sensory functions clearly embodies a confusion 
of thoughts with things, and even though clinical examination 
should in a given case of sensory alteration reveal apparent 
dissociations of these three aspects of tactile sensibility, we 
cannot account for such dissociations in this way. In short, 
tlie notion of pathways for localization or for discrimination 
arc in the same category as that of path^vays for truth 
or beauty, and arc but figments of tlic observer’s mind. 
T>vo-point discrimination presupposes the simultaneous 
stimulation of spatially separated end-organs in the skin 
and subcutaneous tissues. From cacli end-organ thus 
excited, volleys of separate impulses must travel by different 
ncn’c fibres to the highest cortical centres, there to form the 
basis of a discriminating judgment. That a multiplicity of 
end-organs probably underlie two-point discrimination is 
to be inferred from Trotter’s observation that excitation of 
cutaneous tactile end-organs alone is inadequate to secure 
accurate two-point discrimination : deep end-organs must 
also be stimulated. While, as quoted by Trotter, Spearman 
found that this discrimination waned in acuity in the presence 
of muscular fatigue. Therefore, cutaneous, subcutaneous 
and muscular afl'erents probably all combine to provide 
the sensory material out of which discrimination is achieved. 
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In other words, it is ajudgment and not a mode of sensibility : 
a judgment made as a result of integration in the only place 
where such integration can occur, namely, in the cerebral 
cortex. Head (H., pp. 392-95) prondcs cudence of this 
order, when he finds that posterior column lesions impair 
two-point discrimination and postural sensibility together, 
while Holmes (1927) has pointed out that disturbance of 
discrimination of one from two-point stimuli is frequently 
the most striking effect of a lesion involving the sensory 
cerebral cortex : another indication of the cortical seat of 
the phj'siological processes involved. 

As for localization, it does not appear from Head’s 
clinical records that there is any necessity or justification 
for postulating a divorce of contact sensibility from localiza- 
tion. The cases he believes to re\’cal this separation do not 
unequivocally do so. These cases consist of (i) one of glioma 
involving the mid-brain where the most that could be stated 
was that the disturbance of localization was “ out of pro- 
portion to the disturbance of tactile sensibility,” and (ii) of 
24 cases of the thalamic syndrome in which the majority 
showed defects in tactile sensibility, but only la cases 
showed comparable defects in localization. In other words, 
tactile sensibility was found disturbed more frequently 
than localization, but it is not recorded that the latter was 
defective when the former was normal. In short, a 
significant dissociation of localization from tactile sensibility 
appears not to have been noted. 

In conclusion, then, as elaborated by Head, specific 
combination is an incredible function. The role and nature 
of selective inhibition arc equally difficult to understand. 
The protopathic thermal impulse with its hca\y charge of 
“feeling tone,” its radiation and erroneous localization, 
haring reached the thalamus has to be appropriately 
modified by the coincident cpicritic thermal impulse. The 
aspect of thermal sensibility subserved by the former is 
belie\-ed to reach consciousness in the thalamus, while 
epicrilic thermal 'sensibility is a function ‘of the sensory 
cerebral cortex. How does the latter prevent the undesirable 
qualifies of the former reaching consciousness ? There 
seems no alternative but to suppose that the cortical control 
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of thalamic sensibility m the cpicritic control of protopathic 
sensibility. Yet, clearly, this is not Head’s view, and if it 
were so the sensory features of the thalamic syndrome should 
be those of protopathic sensibility as revealed in the inter- 
mediate 2one after peripheral nerve section. Yet, again, 
thalamic sensibility is not identical with protopathic sensi- 
bility, and it is not possible to discover in what selective 
inhibition really consists and how it is achieved. Riven, 
conscious of the difficulty, supposes that thalamic sensibility 
differs from protopathic, because the characteristic features 
of the latter are inhibited at the periphery. Yet this notion 
runs counter to our knowledge that in the cerebrospinal 
nervous system, inhibition is a central and not a peripheral 
function. In short, no provision is made in Head’s hypothesis 
for the attainment of cpicritic dominance, and the reader 
arrives at the final stage of thu hypothesis with a profound 
sense of confusion. 

In short, as wc trace this hypothesis from its beginnbgs 
to its coding, we find it increasingly and, at last, fatally 
embarrassed by the necessity of weaving into its fabric Use 
dual peripheral sensory mechanism with die hypoUiecation 
of which it began. Speculative anatomical structures 
different for each mode of sensibility, and physiological 
processes inconceivable in nature and often mutually 
exclusive, have to be assumed from stage to stage in the 
endeavour to harmonize the initial ^vith the ftnal stages of 
the hypothesis, so that the complete form taken by tlus 
wholly lacks coherent meaning. This is not to say tliat the 
impressive body of observations upon the sensory changes 
that ensue upon lesions of the spinal cord, brain-stem and 
cerebral hemispheres that we owe to Head is not a great 
achievement and a' notable contribution to neurology ; it 
is simply to submit that Head’s generalizations froni these 
observations arc unsarisfactory and do not provide a theory 
of the afferent nervous system that we can accept. Yet 
despite the fallacies that wc may tliink ^ve detect in the 
interpretations advanced by Head, the crux of any criticism 
of lus work must lie in the detection of errors of observation. 
In respect of the sensory changes ensuing upon lesioirs of 
peripheral sensory nerves, it has to he admitted that no 
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subsequent observer has confirmed Head’s findings in certain 
essential details and that no convincing evidence of a dual 
peripheral sensory mechanism can be found. His theory of 
the afferent nerv’ous system must, d\crcfore, be rejected on 
factual as well as on theoretical grounds. 


(iii) Dissolution of Function in Disease and Injury of the Hervous 
System : Jackson's Hypothesis and Head's Interpretation of it. 

It is the fascination of Head’s theory that it constantly 
brings the student up against fundamental general principles 
in biolog)’ and neurophysiology. In this attempt to 
generalize from his observations of sensory and motor 
disorders, we meet an important general principle. 

To understand how Head and his collaborators have 
reached their significant conclusions, it is necessary to 
consider the method they adopted in their approach to the 
problems of cutaneous sensation. Briefly, all the work on 
the afierent nervous system we have reviewed is based upon 
the study of residual sensibility. In the case of a nervous 
lesion affecting sensation we have to study not only the 
degree and nature of sensory loss ensuing, but also the 
nature of such sensation as remains. Now, Head and Rivers, 
In investigating the area of altered sensibility resulting from 
the ncrv’c section on Head’s forearm, believed that they were 
able to disdnguish by the method of residual sensibility a 
dissociation of normal sensibility into deep and cutaneous 
systems. Further, the study of the intermediate zone of the 
area of altered cutaneous sensibility, and of the alleged two- 
stage regeneration, led them to conclude that there ^vc^e 
two systems of cutaneous innervation, protopathic and 
epicritic. Similarly, in tracing the path of sensory impulses 
from their point of entry into the central ncr\’Ous system to 
the highest centres, the same method of residual sensibility 
was employed to discover the specific combination and the 
selective inliibition of sensor)’ impulses — in short, their 
integration before they come to appear in consciousness as 
sensations. 

Tlie entire ncrs’ous system reacts to injury of one of its 
component parts, and the mutilated residual innervation 
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remaining is itself probably composed of several factors and 
is capable of resolution into elementary components. ^Vhat 
is Uie significance of this residual inneiv'ation ? In con- 
sidering this question wc arc at once reminded of Hughlings 
Jackson’s teaching upon the dual nature of nervous sympto- 
matology and upon the mode of dissolution of function in 
the nerv'ous system. Upon the former point the principle 
he enunciated was admirably summarized by Broadbent 
as follows *. The functions of a centre in which a lesion has 
occurred are suspended, and corresponding symptoms may 
'he called negative. These are, however, not the only 
symptoms } others, usually more obtrusive, and often 
infinitely more important, arc produced by die activities 
of other centres, either (i) unbalanced in consequence of the 
absence of normally opposing activities, or (li) liberated 
from the control of higher Icv'cl centres, or (iii) intensified 
by attempts to compensate for the missing function. Nervous 
disease therefore effects a reversal of evolution. “ Dissolution 
is n process of taking to pieces in the order from the least 
organized, the most complex and the most voluntary towards 
the most organized, the most simple and the most auto- 
matic,” and again, " dissolution bring partial, the condition 
in every case of it is duplex. The symptomatology of nervous 
diseases is a double condition ; there is a negative and there 
is a positive element in every ease. Evolution not being 
entirely reversed, some level of cs'olution is left.” Hence 
the statement to undergo dxsioluUon" Is rigidly the 
equivalent of the statement ” to be reduced to a lower Ie%’el 
of evolution ” (” Selected Writings of John Hughlings 
Jackson,” 1932, vol. 2, p. 46). It is to be noted, however, 
that Jackson nowhere suggests that the lower planes of 
evolution exposed by disease or injury necessarily represent 
physiological states that in earlier stages of phylogenetic 
e\'oliition were the normal endowments of primitive nervous 
systems, nor did he suggest that dissolution of function was 
associated with the release of primitive anatomical systems 
to resume their original activities in their pristine form. 

That Jackson’s generalizations have been, and will 
continue to be, of the greatest importance to neurological 
tliougbt will not be disputed, and lus conception of the 
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release mechanism is perhaps one of his most valuable 
contributions. Yet it may be questioned whether sometimes 
too much has not been demanded of it. As commonly 
applied, there is no place for qualitative changes in function 
apart from simple increase or defect. There may svell be 
pera’ersions of function not thus easily to be generalized. 
In short, generalizations arc dangerous in proportion to 
their value unless they arc constantly correlated with the 
facts of ohsers’ation. As Trotter (1913) has obser\’ed : 
“ In dealing with theoretical considerations concerned wth 
the physiology of the nervous system, one is cNCeptionally 
liable to be misled by preconceived or introspectively 
cs’oK'cd notions as to how sensory and pcrceptis'c processes 
may be supposed to act. S)Tnmetr>' and the desire for 
classification are apt to be mistaken for physiological 
principles, and we tend to drift into the error of supposing 
that conceptions which are clear ait, easily comprehensible 
and ‘ reasonable ’ acquire by that very fact an increased 
probability of being accurate expositions of the physiological 
processes they profess to explain. This has been repeatedly 
demonstrated in the history of neurolog)'.” 

With these considerations in mind wc return to Head’s 
tiew that protopathic sensibility is “ the level of evolution 
left ” when a higher level cpicritic system is out of action. 
It thus represents a primitive form of sensibility unmasked 
after its continuous suppression for countless ages in ph)'lo- 
genclic history. This being so, arc wc to assume that it is 
now revealed precisely as it originally was, or has its long 
suppression so modified it that what no%v appears resembles 
nothing that previously existed? If such a modification 
has taken place, how shall we determine its degree and 
kind ? How can we even know that it has taken place ? 
In truth we cannot know any of these things. On the other 
hand, if we are to assume that it now approximates in 
characters to a normal primitive sensory function, it should 
provide valuable irdbrmation as to the mode of evolution 
of function in the ncrv'ous sy’stcm. 

Rivers (R., pp. 22-33) states that protopathic sensibility 
— and the mass reflex — do represent the reappearance of 
once normal forms of primitive nervous activity. Head’s 
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views arc exemplified by the following quotations : “ The 
final act of sensation can he decomposed by changing its 
physiological components. Tlic form assumed by such 
dissociation may resemble nothing that has previously 
existed in tlie phylogenetic history of man ; or the change 
may approximate to the character of some more primitive 
activity. This is the case with high-grade protopatliic 
sensibility and with sensations from the glans penis” 
(H., p. 8). Against this, we read (H., p. 743) ; “ Removal 
of epicrilic semibiUty exposes the aedvity of the protopatlvic 
system in its full nakedness. In the same way, when removal 
of the influence of the cortex cerebri sets free the optic 
thalamus from control, sensation assumes an ovcrsvhelmingly 
‘ thalamic ’ character. In each case a more primitive 
organization is kept under control by the activ’ity of a higher 
aflTcrent system. But removal of the dominant mechanism 
does not reveal the functions of the phylogcnetically older 
organs in all their primitive simplicity. A lesion which sets 
free the human thalamus produces a highly spedalized 
scries of phenomena, which have never existed in this form 
in phylogenetic history.” Again (H., p. 745) : ” many 
lower activities are retained in a controlled form and arc 
not abolished in the course of evolution because they may 
be required at some time or another for their primitive 
purpose.” But although thus controlled the primitive 
mechanism ” must remain in full activity, ready to play 
its part, should occasion arise, in the defence of the body 
against noxious influences.” 

Surely, if these primitive functions may have to resume 
their original activity fully, as Head supposes, they must 
retain tlieir original characters and not reappear in a form 
” Avhicli has never existed in phylogenetic history.” A 
comparable conflict of statement informs Head’s ducida- 
tions of the ” mass reflex,” for while this is not to be regarded 
as “ reproducing an ancient mechanism in its primitive 
form,” it is said to ** reappear in its primitive form ” 
immediately the spinal cord is transected. 

Apart altogether from these inconsistencies, we may well 
ask whether we can accept the notion of an inhibition that 
has persisted uninterrupted throughout the countless ages 
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of phylogenetic history, and yet remains an immediately 
reversible phenomenon. 

Nevertheless, it is clear that Head’s theory' of the afferent 
ner\'ous system docs in effect require that both prolopathic 
and thalamic sensibility, as well as the mass reflav, should 
all be regarded as unmasked forms of primitive neia-ous 
actinty’, not essentially changed by their age-old suppression. 

No hy'pothesis largely dependent upon phylogenetic 
considerations can ever be capable of scientific proof, yet 
it may well have the compensating attraction of being equally 
incapable of disproof, and tlicrc arc always some who are 
ready to accept an hypothesis upon these equivocal terms. 
This readiness has been indicted by Karl Pearson in his 
“Grammar of Science” thus: “It is easy to replace 
ignorance by hy’polhests, and because only the attainment 
of real knowledge can in many cases demonstrate the false- 
ness of hypothesis, it has come about that many worthy 
and dtherts-isc excellent persons assen an hypothesis to be 
true because science has not yet by positive knowledge 
demonstrated its falsehood.” 

(iv) The Pkylogmlu Significance of a Prolopathic 
vNVrrow fystem 

HaN-ing seen the necessarily speculative nature of hypo- 
theses that invoke phylogenetic factors, we may consider 
briefly the hypothetical prolopathic animal. On the sensory’ 
side it possesses a sensibility that presents “ none of those 
characters of sensation by which we recognize the nature of 
the (stimulating) object, no power of distinguishing difference 
in intensity’, nor of telling with exactness the spot stimulated ” 
(R., p. 23). “ It would have no necessity for the discrimina- 
tion which would enable the exact perception of the nature 
of the object ” (R., p. 30). In fact, its sensibility’ possesses 
“ elements of vagueness and confusion wholly incompatible 
\rith the exact power of localization.” On the motor side 
the animal is not less handicapped, for in the mass reflex, 
which exemplifies its characteristic mode of movement, “ the 
situation of the stimulus does not determine the distribution 
of the response.” The mass reflc.x consists of powerful 
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bilateral flexion of tbe limbsy contraction of the abdominal 
muscles, evacuation of the bladder and an outburst of 
sweating. Tins response is not adapted to tbe strength or 
site of stimulation, but is maximal and unvarying, yet Head 
speaks of it as " an excellent answer to noxious stimuli in 
the lower animal ” ; able to respond only by a mass move- 
ment, tbe animal is ‘‘fixed in a position unfavourable to 
flight and crawls Into a hole to die or recover ” (H., p. 753). 

Sucli a creature, even if it could take the steps necessary 
to propagate its bewildered kind, which appears doubtful, 
could have no survival value, for on receipt of a stimulus 
which it could not localize, from o stimulating agent whose 
nature it had no means of discovering, it could respond only 
by curling up and micturating. Yet this is tlic animal that 
Head and Kivers present to us ns our common ancestor. 

It is not necessary to pursue this line of thought furtlier, 
or to consider the theory of instincts anti of the genesis of the 
psyclioneuroscs elaborated by Rivers upon a foundadon so 
unrelated to nature.* 

Perhaps a more conclusive and less dialectical criticism 
of the pTotopaihic nervous system may be found when we 
come to consider tlic reactions of tbe simplest forms of 
nervous system known to biologists. Parker has described 
such a one in the polyp, Corymorpha. Describing this 
creature, Parker (1919) says: “If a faradic stimulus is 
applied to one side of the stalk next tlic hydranth or tlic base, 
the stalk simply shortens as a whole. li) however, the 
stimulus is applied to one side of the stalk nearer the middle 
of its length, the stalk bends to that side and usually presses 
the hydranth with great accuracy against the spot. This 
response is not only appropriate for the particular side 
stimulated, but also in most cases for the given level of the 
stimulated spot on that side. . . . *1116 success of this form 
of protective response naturally depended upon the accuracy 
of the localization.” Here, therefore, the most primitive of 
animals appears already to have sensation of “ cpicritic ” 
quality. Nowhere in nature, in fact, do wc find a nervous 
system in any way comparable with the “ protopathic ” 

* This llicory has been discussed elsewhere by ihe present writer, ^ ^ted. Sc., 
1933, 6, 3(6, 



s)-stem of Head and Rivers. As Sherrington has pointed out, 
a simple act of co-ordination may be as perfect as a highly 
complex one. The prime function of the ners'ous s)'stcm is 
integration, as we have learned from Sherrington, and the 
terms “ primitive ” and “ crude ” so repeatedly employed 
by Head and by Rivers cannot properly be applied to even 
its simplest actiritics ; they arc, in fact, terms that create 
an impression in the reader’s mind, but convey no informa- 
tion. At every stage of its evolution, as axcmplificd in the 
extant animal kingdom, the ncrx'ous s^-stem is seen to be an 
instrument of precision. It is its very nature and purpose 
to be such, and the conception of a profopathic nen'ous 
s)-stem as outlined by Head and Rivers runs directly counter 
to all we know of biological processes as these arc to be seen 
in the evolution and activity of the nervous sy’stcm. 

III.— The OnsERVATioKs of Trotter ant> Dahes 
ON Cutaneous SE.NSiBiLm* 

These were more exhaustive than those of Head and 
Rivers in that no less than seven cutaneous ncr\’es svere 
dhided at intervals of time in two subjects. It was thus 
possible to m.ikc adequate immediate comparisons of the 
consequences of nen'e section at all periods after the division. 
There was no necessity to rely, as in Head’s case, upon the 
sensations of a single observer, or upon his memoiy’ in com- 
paring the immediate sensory’ results of ner\'e section with 
those of the stages of regeneration. The importance of this 
enhanced opportunity for the control of what are pcailiarly 
difficult obseiA-ations and unfamiliar subjective judgments is 
manifest. These obsers-ations were published in t^vo papers ; 
“ Experimental Studies on the Innervation of the Skin ” 
(J. Physiol., 1909, 38, 134) and “The Peculiarities of 
Sensibility found in Cutaneous Areas supplied by Regenera- 
ting Nerves” {J.Jut P^hol. u. J'CtUTol, 1913, 20, 102). It 
IS unfortunate that the latter paper has remained so 
unfamiliar to English-speaking neurologists, for it is an 
essential complement to the former. 

In so far as Trotter employed the technique of investiga- 
tion used by Head, his obsert'ations seem at first not to 
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present any essential diflcrcnce from the latter’s, but 
dificrenccs there clearly arc and they prove to be of fiinda* 
mental importance when conclusions come to be drawn 
from them. With the employment of additional methods, 
it appeared that changes in cutaneous sensibility not db- 
covcrablc by Head’s methods were present, and thus a still 
wider departure from his generalizations became necessary. 
In brief, Trotter was unable to confirm Head’s description 
of the sensory qualities of the intermediate zone ,* nor the 
qualitative identity of this wih the state of the affected area 
at the end of Head’s first stage of regeneration ; nor, in 
conclusion, did Trotter find that regeneration takes place 
in t^vo stages. 

A preliminary idea of the discrepancies between the 
obscrv’ations of the two may be gained from the facts con- 
cerning thermal sensibility in the intermediate zone of 
Head. Head docs not state whether the thermal stimuli 
in the intermediate zone give rise to thermal sensations of 
normal intensity ; as they should do were these sensations 
a function of an intact protopathic thermal system — as by 
definition they are. Trotter finds that this so-called thermal 
sensibility to extremes of temperature is in fact a hypo- 
jesthesia ; stimuli which on normally innervated skin give 
a sensation of “ hot ” or “ cold,” giving sensations of 
“ warm ” and “ cool ” only. TJus finding is incompatible 
svitli Head’s hypothesis. Further dbcrepancies will be 
referred to in due course {tf. diagram on p. 31), 

In a preliminary discussion, Trotter points out that 
although graduated punctate stimuli may be necessary in 
the investigation of sensory function, yet such stimuli are 
not physiological in the sense that the surface of the normal 
organism under normal conditions docs not receive single 
stimuli of this nature, but more widely distributed and 
qualitatively multiple stimubtions, often affecting simul- 
taneously end-organs of diverse kinds. In accordance with 
this principle it is found that the most accurate way of 
delimiting the external margins of an area of altered skin 
sensibility after cutaneous nerve section is to let the subject 
stroke the skin ivith his own finger. In this way a larger 
area of change is found than the most carefully graded 
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punctate stimuli (tactile stimuli) suffice to determine. 
Stroking is at once a more plij’siological and a more delicate 
mode of stimulus than a von Frey hair. 

(i) The Immedittle Consequences of Nerve Section 
Briefly stated, the following are, according to Trotter, the 
immediate consequences to cutaneous sensibility of the section 
of a cutaneous ncn’c. The area of altered sensation consists 
of an outer zone of partial, and a central area of total, 
aitancous sensory loss. The outer zone is delimited most 
accurately by the stroking method already described. No 
other method gives so precise a record, or one more constant 
on repeated avamination. Within the margin thus detected, 
and as stimulation approaches the central area there is 
found a progressis’cly deepening hy^joiesthesia to all modes 
of cutaneous sensibility. The findings may be further 
partiailarizcd : The hypoastheltc zone : Externally this is an 
area of qualitative change only. Von Frey hairs may give 
no clear indication of the peripheral limits of the area, but 
to stroking the skin feels smoother, and tickle, when it is 
elicited, less intense. Within this region, as the obsen’cr 
passes from periphery to central anasihciic area, a margin is 
reached tvithin which the skin feels subjectively numb and 
cotton-wool touch or light strokes trilh a camel-hair brush 
elicit no tactile sensation svhatcv'er. In this zone, the 
threshold of tactile sensibility to von Frey’s graduated hairs 
rises, but a threshold can be obtained and there is hy-po- 
asthetic tactile sensibility. Finally, as the central area is 
approached this threshold rises rapidly until the characteristic 
sense of a touch is lost as this area is reached. 

Also within the surrounding hypoeesthetic zone, the 
threshold of two-point discrimination rises rapidly, but a 
threshold is always obtainable ev’cn in the central an^thetic 
area as long as deep pressure sense remains. Trotter finds, 
also, that contact with a light hair, insufficient to stimulate 
deep pressure end-organs, does not give precise two-point 
discriminatory’ capacity. This is yielded only by combined 
stimulation of tactile and of deep pressure end-organs. 

Anotlier point of importance arises here. Head, in 
testing tactile cutaneous sensibility, used a fixed-stimulus 

[27] 



method : namely, a wisp of cotton-wool, beliewng that 
stronger stimuli excited the end-organs of the deep afferent 
system and not the aitnneoiis tactile end-organs (touch 
spots). As a result of this, all grades of tactile sensibility of 
higher threshold than that of cotton-wool passed undetected 
by Head. Trotter maintains that cutaneous “touch” is 
introspectively a distinct mode of sensation, easily differ- 
entiated by the subject from the sensations aroused by 
“ pressure ” acting on subcutaneous end-organs, and thus 
he felt himself free to use graduated punctate stimuli (von 
Frey’s hairs) hcHcnng that sensations of pressure could be 
readily differentiated from those of true touch. Acting on 
this basis, Trotter finds that the hypoasthctic zone possesses 
true tactile sensibility. 

In respect of thermal sensibility in the hypoasthctic 
zone, Trotter draws attention to a point of fundamental 
importance nowhere recognized by Head. He finds that 
normally innervated skin yields no response to temperatures 
within 5* C. of the skin temperature. There is thus an 
indiffexent range of 5^ C. on each side of this temperature : 
that is, a total indifferent range amounting to some to" C. 
Thermal hypoasthesia is expressed in two ways : ( 1 ) by a 
widening of the indifierent range to about 10° C. on each 
side of the skin temperature : that is, an indifferent range 
extending over from 15* to 20“ C. of tljc thermometric scale, 
and by (ii) the diminished intensity of the thermal sensations 
appreciated outside this indifferent r.'ingc. What is hot on 
normal skin is only warm In the hypoaathetlc zone, and 
what is cold on normally innervated skin is, in the hypo- 
a:sthetic zone, only cool. Tliis significant finding may be 
expressed in diagrammatic form (Fig. i). The cross-hatched 
area is the indifferent zone. 

Trotter believes that the sensations hot and cold arc a 
combination of warm plus pain and cool plus pain, and 
points out that at both ends of the Uicrmal scale when 
supramaximal stimuli are used the sensation felt is pure pain. 

In respect of painful sensibility in the hypoasthctic zone, 
Trotter finds a comparable state of affairs, that is, a deepening 
hypoaisthesia as the central area is approached. Tlie defect in 
sensibility is precisely similar to that for touch, heat and cold. 
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The hyperalgesia so stressed by Head in his intermediate 
zone is not constantly present. Immediately following iierv’e 
section there is a transitory hyperalgesia for some hours, 
then a period of about ten days in which no hyperalgesia 
nhalcvcr is present, and then a period of secondary hyper- 
algesia persisting for some six weeks. This then ceases 
entirely and for the two or three weeks that yet remain before 
the first indications of regeneration appear there is no trace 
of hyperalgesia. Wben present, ihb secondary hyperalgesia 
differs from that described by Head, in that it is very patchy 



Fic. I 

Diagram rcprescntitig Trolier aoJ Da«c»’ fiinJingi in mpect of 
thermal icniibiUty. 


in dktribution and docs not remain confined to the li)po- 
astlictic zone, nor fill the whole of this, but seems to be 
distributed over underlying subcutaneous veins. Trotter 
believes it to be an adventitious phcnomcnov\ and not an 
essential sensory result of ncn'c section. He points out that 
it docs not follow the blocking of a cutaneous ncr\-c by novo- 
cainc, and also that it difiers widely in quality and distribution 
from the intensification of painful and cold sensations 
characteristic of the phase of restoration of scnsoiy function. 

In short, Trotter finds a central anasthetic area in which 
the margins of total thermal, pidnful and tactile sensibility 
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correspond approximately, but not precisely. Surrounding 
it is a zone of liypoaathcsia, wider than Head’s intermediate 
zone, and characterized by hypoxsthesia progressively 
deepening from without inwsutls to all modes of cutaneous 
sensibility. This hypocesthesia differs in its expression 
according to the mode of sensibility tinder examination. 
Thus, in respect of thermal sensibility it is found that die 
normal indifferent zone of some 5® C. on each side of the 
skin temperature is widened to 10° C., and that outside this 
zone there is thermal sensibility, not of normal, but of 
diminished intensity. In respect of tactile sensibility, the 
threshold of stimulation — as measured by von Frey hairs — 
rises progressively, hut once elicited the sensation of light 
touch is an unvarying one. Two-point discrimination 
undergoes the s.nmc progressive diminution as the central 
area is approached that is shown by other modes of sensi- 
bility. Trotter docs not therefore find a specific loss of 
tactile sensibility or of two-point discrimination in hu 
intermediate hypoxsthetic zone. ^Vith regard to pressure 
sensation, he believes that this is mainly subserved by 
end-organs deeper than those which subscix’c touch, and 
probably subcutaneous, but be believes that true pressure 
sensations may be aroused in the skin. Wherever the points 
of the compass (Weber’s test) could be felt by pressure on 
the skin, some threshold was to be found. Painful sensibility 
also undergoes a deepening hypoasthesia and docs not show 
the characteristic and persbtent hyperalgesia described by 
FJead, nor is erroneous reference present. The results 
obtained by Head and by Trotter may be compared and 
contrasted, in diagrammatic form in Fig. 2. 

(ii) The Phenomena of Regeneralton 

Between the tenth and rourtcenth weeks aflcr nerve 
section the initial signs of returning sensory function make 
their appearance. They arc (i) the progressive and simul- 
taneous return of tactile, painful and cold sensations, tlic 
return of true heat being apparently delayed ; (ii) the 
development of two new phenomena not liillicrto found fn 
the area of sensory change ; namely, peripheral reference 
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and intensification. The returning sensory functions are 
hypojEstlietic and full acuity is not attained for a further 
period of weeks. Even when tlic restoration of normal 
acuity has been reached, the two qualities of intensification 
and peripheral reference may persist in modified degree for 
indefinitely long periods. 

The first sign of returning function in Trotter’s seven 
e.\pcriments svas peripktral reference. This difiers from tlie 



Diagrani comparing the findings oT Head ts'ith those of 
Trotter and UaWer. 


diffuseness of response characteristic of the hypoxsthetic 
zone in the period immediately following nerve section, in 
that the sensation experienced can be minutely localized 
to>Nards the distal end of the area of sensor)’ change. It 
involves tactile, painful and cold stimuli, those of heat less 
definitely. In respect of touch the sensation actually 
experienced is almost identical with that evoked by light 
touch on normal skin, though the threshold of stimulation 
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is higher and when many end-organs are simultaneously 
excited the resulting sensation has the tingling quality of a 
mild faradic current. The stimulation of a cold spot gives 
striking peripheral reference, and painful sensations are also 
referred. At a later stage in the regeneration process a 
local reference to the spot actually stimulated may be added 
to the peripheral reference, and subsequently this local 
reference tends to Increase in intensity as the peripheral 
reference svancs. 

Closely associated with llus phenomenon is that of 
intensijicathn. This imparts an abnormally vivid quality to 
sensations, ct’cn though the threshold may be abnormally 
liigh : that is, intensification and hypoaathesia may co-exist, 
but it tends to persist after a normal threshold has been 
reached, and may indeed be still present years after this 
has happened. It is most marked in the case of cold, least 
in that of true heat. 

A third* new phenomenon is that of increased excilabUily 
(if the regenerating nerve trunk. The regenerating nerve trunk 
is found to be abnormally sensitive to stimulation, and to 
yield the specific sensations of touch, pain, cold and — less 
distinctly — of heat, when the appropriate stimuli are 
applied to the skin overlying it. The sensations thus ct’okcd 
arc referred to the nerve’s area of distribution and show 
intensification and peripheral rcfoence. This quality of 
excitability is known to obtain in the case of normal 
cutaneous nerves, tliough in a very much less marked degree 
than that c.xhibitcd by the regenerating portion of the 
divided nerve. 

In considering the significance of the phenomena of 
intensification and peripheral rcrerencc, Trotter points out 
that they have no counterpart in the sensory state of the 
hypoastlietic zone immediately after section and prior to 
the onset of regeneration. He believes that peripheral 
reference is due to nerve trunk stimulation and that this is 
incapable of yielding a local sensation, the provision of 
“ local sign ” being probably a function of the end-organ. 
The later apywatante of loc^ seroatlon is aUribulcd to tbe 
re-cstablishmcnl of connection between the end-organ and 
the growing nerve fibre. 


[3=3 



Since both intensification and peripheral reference may 
persist after normal sensory acuity has returned, Trotter 
maintains that the notion of qjicritic inhibition of these 
qualities is untenable, and that both are the product and 
result of damage to nervous tissue and of the resulting reaction 
between this and the surrounding somatic tissues. 

Head lays great emphasis upon the supposed existence 
in the skin of the glans penis of a mode of sensibility purely 
protopathic in range and quality, and of an area in his own 
forearm possessed of exclusively epicritic sensibility. These 
findings he regards as confirming his h^Tiothcsis, but Trotter 
has little difficulty in showing that neither of these skin areas 
docs in fact fulfil the requirements of the h^'pothesis, and 
neither allows the deductions Head has dratvn. 

In conclusion, it is clear that in respect both of the 
immediate results of nerve section and of the successive 
sensory states observed during the process of restoration of 
function, there arc numerous discrepancies between the 
findings of Head and those of Trotter, and the essential 
facts relied upon by the former to prove the existence of a 
dual peripheral sensory mechanism, protopathic and epicritic, 
arc not confirmed by Trotter. It is in generalizing the 
phenomena of sensibility to pain that the widest differences 
of Slew between Head and Trotter are to be found. For the 
former, pain is a purely protopatlxic mode of sensibility, of 
high threshold and non-Iocalizable. Intensification and 
radiation of pain sensations arc for Head essential features 
of this mode of sensibility, inhibited under normal conditions 
by the coincident acti\'ity of an epicritic system of nerves 
and end-organs. Throughout Head’s numerous expositions, 
he repeatedly emphasizes the high threshold quality of 
painful sensibility, as, for example, " pain is always a liigh 
threshold sensation as shown by the fact that it is not 
c\oked by punctiform stimuli until the pressure exceeds 
70 gm./mm.* ” (H., p. 319). It is to be recalled, also, that 
protopathic sensibility is regarded by Head as the sole 
normal sensory endowment of an earlier stage in phylogenetic 
history of a primitive animal form. 

Biologically considered, it seems improbable that a high 
threshold form of sensibility can es’Cr have been' normal at 
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any singe in (^•oUilionary development, for it would be a 
quality adverse to tJjc c\x)luUonar>' process, but we do not 
need to invoke speculative factors of this order to sec the 
fallacy of tlic conception of Iiigli threshold. By what standard 
is its height mca5ured? Has tliis standard any biological 
meaning? Pain, as Trotter points out (1913, p. 138-39}, has 
as its essential function the signalling of potential injury 
rather than the notification of actual damage, and pain 
can be elicited by sliinuU below llie level of intensity at 
which injury to the tissues is produced. In other words, the 
threshold for pain is below t!»c level at wliich damage can be 
inflicted on the tissues. That it needs a von Frey liair of 
7 gm./mm." to elicit it, is a fact of no pliysiological meaning, 
and not one by which we can conclude that pain is a high 
threshold form of sensibility. Pain serves a specific purpose 
for the organism ; for the fulfilment of this it has a threshold 
appropriate to this purpose, and not high judged by 
standards reie\’ant to the nc^s of the organism. In the 
cleclrophysiological studies of pain sensibyity Uiat we shall 
later consider, we find implicit in many papers the same 
conception of pain as a high threshold form of sensibility : 
citlier because pain fibres in nerve trunks are relatively 
inexcitable to electrical stimuli, or because the pain spots 
in the skin seem to yield on minimal stimulation a sensa- 
tion of touch and only a brief sequence of nerve impulses ; 
a greater intensity of stimulus being necessary to evoke 
pain and to set up the long lasting sequences of nerve 
impulses characteristic of pain sensations. But here also 
the standards of declricaJ or mass measurement invoked 
in support of this notion have no biological import. Grams 
and millivolts as such mean nothing to the organism. The 
threshold of sensibility to pain can be judged only in the 
light of the function pain ser\'es in the life of the organism. 
So judged it is not a high threshold form of sensibility, as 
Trotter points out. 

Conversely, to speak of tactile sensibility as of low 
threshold, while it is accurate in terms of gram-millimetres 
square of pressure from a von Fcey hair, is to ignore the 
fact that the tlireshold is that appropriate to the puipose 
tactile sensibility serves in the organism : that of UDderl>ing 
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the discrimination of spatial relationships, In otlicr words, 
each mode has the thresliold appropriate to its function and 
to contrast them as “ high ’* and “ low ” respectively is 
not to draw a biological distinction but to contrast tactile 
and painful sensibility in terms of physiolo^cally irrelevant 
and conventional symbols. 

The matter may be further considered. While tactile 
and thermal end-organs respond only to specific modes of 
stimulus, the pain endings are found to respond to a wide 
range of stimuli, and thus seem to lack the selective pro- 
perties inherent in end-organs subserving other modes of 
sensibility. Thus the notion has gained ground that in 
some mysterious way pain sensibility is a law unto itself 
and does not conform to the behaviour found to govern 
the operation of other sensory mechanisms. 

Here, again, we have to consider the purpose pain 
sensibility serves. If this be to signal the impending injury, 
the pain receptors must respond to whatever external 
agency threatens injury, whether tliis be mechanical, 
thermal or chemical. In other words, a pain receptor that 
did not respond to all forms of potentially harmful stimuli 
would be a receptor not adapted to its essential function, 
and is a structure we should not expect to find the organism 
endowed with. Wc arc so accustomed to examine sensibility 
to pain with the point of a pin or of a needle that we have 
come to conclude that there is some essential biological 
relevance in cold steel, whereas in truth a steel point or an 
edge means neither more nor less to the organism than 
harmful degrees of heal and cold, or harmful degrees of 
mechanical stimulus. In short, a useful pain mechanism 
must respond equally to all potentially harmful stimuli 
from whatever kind of external agency. The one feature 
^vhich docs distinguish pain from other modes of sensibility 
is the intensity of the responses and its dominating effect on 
consciousness, or rather on attention ; but this also, surely, 
is a feature integral to a mode of sensibility possessing the 
purpose — if the word may be used — that all believe pain 
to subserve. There is noting “ primitive ” about pain, as 
Head would have us believe, it is a highly sensitive and svell- 
adapted form of sensibility. 
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In view of these comideratlons the fundamental 
differences in the interpretation of the intensification during 
Uic stage of sensory restoration that we see in Head’s and 
Trotter’s papers gain importance. For Trotter, intensifica- 
tion is not a phenomenon comprehended within the 
Jacksonian doctrine of release of function, but an essentially 
pathological consequence of injury to the nerve. It attaches 
mainly to cold and to pain. Under normal conditions 
thermal stimuli at both extremes tend to elicit pain rather 
than purely thermal sensatioris. Both heat and cold become 
burning and >vith the appearance of this painful element the 
purely tlicrmal component in the sensation wanes and 
disappears. Therefore, it may be argued, a sensation of 
" hot " is a compound ofheat and pain, of e.xtremc “ cold ” 
one of cold and pain. Therefore in a recovering area 
intensification is due to the assoemtion of cold and of in- 
tensified pain. Since tlie sensation of true heat returns 
relatively late and when pain intensification is wanii\g; 
intensified heat is not prominent. According to this view 
intensification is esscnlially a phenomenon attaching to 
pain, whctlier this is elicited by stimulation of end-organs 
or of the regenerating Der\-e fibre itself. Trotter attributes 
it to nerve fibre stimulation, and postulates an increased 
sensibility of the regenerating nerve fibre. This increased 
sensibility is in turn ascrib^ to the imperfect insulation 
of the ner\’c fibre and to its constant irritation by the 
surrounding somatic tissues of non-ncural chamctcr. 

Trotter’s views on the insulation of the nervous system 
have been fully developed in other papers (1926, 1928). 
It is the fact that not only is the central ner\’ou3 tissue com- 
pletely insulated from non-ncural tissues by its meninges, 
but the peripheral nerve fibre is equally effectively insulated 
by its neurilemma sheath and nowhere makes contact with 
non-neural tissue except in the case of the naked nerve 
endings in the skin which constitute the receptor end-organs 
for cutaneous pain. When, as after amputation, this 
insulation is broken down we see the extravagant prolifera- 
tion of axis cylinders and the brisk reaction of non-neural 
tissues by which these skdns of naked axis cylinders become 
surrounded in the formation of the familiar amputation 
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neuroma. Tlie painful phenomena of the neuroma and 
of the phantom limb are other indications of this incom- 
patibility between neural and non-ncural tissues, and it is 
to this factor that Trotter looks to account for intensification 
of pain sensibility during the stage of ner\-c fibre regeneration. 
The new axis cylinder is thus regarded as subjected to 
constant subliminal stimuli and put in a state of increased 
c-xcitability. Thus, in judging between the hypotheses of 
Head and Trotter, we find the former invoking a purely 
abstract conception that takes no account of the bchauour 
of IK-ing tissue, the latter invoking those facts of clinical 
and pathological observation that, even though they be not 
yet provedly applicable to the problem in hand, at least 
accord with svhat we know of the reactions of living tissue 
to injury’. 

IV. — Boring’s Experiment in Nerve Division 

The discrepancies of observation and of theory apparent 
in the work we have considered led Boring to repeat upon 
himself the e.xperiment in ner\-c dinsion, choosing the 
anterior branch of the internal cutaneous nerve of the 
forearm (“ Cutaneous Sensation after Nerve Division,” 
Quart, jf. exp. Phpsiol., 1916, 10, 1). Boring believed that he 
was better placed than his predecessors to assess alterations 
of cutaneous sensibility in virtue of the fact that he was a 
psychologist, a belief that he sets out at some length. It 
certainly led him to long introspective comments tipon the 
different sensations he experienced in response to the stimuli 
employed : comments that sometimes leave the reader 
uncertain as to what precisely was c-xperienced. Further, 
the branch of the ncn'c divided yielded a very small area 
of sensory change ; one scarcely adequate to do justice to 
the psychological acumen lavished upon it. Nc\'ertheless, 
Boring’s observ’ations are of interest in the light of those 
already discussed. 

In general, he confirms Trotter’s account of the sensory’ 
changes immediately produced by nerve section, and also 
of the successive sensory states revealed during the process of 
regeneration. He found a central region of cutaneous 
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anasstliesia surrounded by a zone of progressively deepening 
hypoislliesia lo all forms of cutaneous sensibility. The 
outer margins of (his were very ill-defined and irregular. 
Deep sensibility lo pressure and to pain remained intact, 
so also did onc-point localization and two-point discrimina- 
tion : functions that Boring regards as wholly subserved by 
subcutaneous pressure endings. Recovery of sensibility was 
uniform in rate for all modes of sensibility affected, heat 
being somewhat delayed. Pain, cold and heat all shoived 
intensification and peripheral reference. One point of 
importance, Boring’s introspections do emphasize, namely, 
the range of sensory qualities all commonly summed up 
under the term “ touch.” As Bazett remarks (1935), it is 
possible that in this regard wc arc, letting words mislead us 
and that more than one sensory quality is in question here. 
The point is one that will be further referred to. 

Boring gives reasoned arguments against the acceptance 
of Head’s theory of a dual peripheral sensory mechanism. 
Some of these have already been dealt with, but there arc 
otliers equally cogent that Boring brings fonvard. Like 
Trotter, he ia unable to confirm Head’s description of the 
sensory qualities of the intermediate zone, or the identity 
of these qualities with those displayed during the process 
of sensory restoration. In condusion he assumes that a 
single sensory end-organ has a multiple innervation and 
that its stimulation leads to multiple impulses which reach 
the cerebral sensory mechanism there to undergo those ■ 
processes of facilitation, summation and inhibition that we 
subsume under the term “integration.” He appears to 
believe in the existence of inliibltory fibres, the division of 
which in a peripheral nerve may lead to hypenesthesia or 
to abnormaUties of localization. 

More recently, Lanier (1935) has made some comparable 
experiments, using alcohol injection into cutaneous nerves 
as the method of physiolc^cal nerve section. Five areas of 
altered sensibility were produced in three subjects. He 
found that the area of altered sensibility to cold and warmth 
was more extensive than those to touch and pain, the tivo 
latter more or less approximating in extent. Signs of 
returning function first appeared at the end of the seventh 
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week after nerve blocking. Thereafter pain, cold and touch 
sensibility returned at the same rate, warmth being greatly 
delayed. No evidence of any two*stage regeneration was 
obser\-ed. He attributes his finding' of a greater extent of 
thermal loss to his more adequate technique. He found a 
central an-Tsthetic area surrounded by a zone of deepening 
h)'poa^stllcsia to all forms of cutaneous sensibility, including 
touch. He confirmed Trotter’s finding in respect of the 
intermittent occurrence of hyperalgesia in the h^'poasthetic 
zone prior to the appearance of regeneration phenomena. 
The intensification of the stage of regeneration he compares 
with the “ injury ” effect described by Adrian, The 
injured regenerating nerve is supposed to set tip volleys of 
impulses of high frequency' that lead — though how, we arc 
not told — to thalamic “ over-reaction.” The chief interest 
of these observations is their general confirmation of the 
facts of obser\’ation recorded by Trotter and by Boring. i 
In short, it may be said that no obser% er has been able to ■ 
confirm the essential facts vipon which Head’s h>’pothesi3 
rests. 

It is clear that all this work has left unsolved, even in 
some cases unformulated, many of the problems of cutaneous 
sensibility. The range of sensations rightly to be spoken of as 
“ light touch ” has not been precisely defined, and tlie 
relations of this mode of sensibility to painless pressure still 
remains obscure. The basis of localization and of two-point 
discrimination, and the rival claims made for the cutaneous 
and the subcutaneous end-organs respectively in subser\’ing 
these capacities still await final solution. Of the varying 
modes of sensibility’ so-called, it seems probable that some 
at least are not rightly so described but are concepts, or 
judgments, based upon sensory material, e.g., two-point 
discrimination. It has es’en been suggested (Bazett, 1935) 
that pressure sense may be a concept, due to spatial summa- 
tion of numerous sublimal tactile impulses. This brings us 
to the nature of the stimulus subserving what rve call “ light 
touch ” or ” contact sensibility ” (Trotter), Blake Pritchard 
(1931) has criticized the notion of contact as a tactile 
stimulus, pointing out the mechanical deformation of the 
tactile end-organs — the essential element in adequate 
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stimulation — involves more than simple contact. A degree 
of j>rcssurc on the skin adequate to lc.ad to deformation of 
its surface is necessary to stimulate the tactile end-organ, 
and in this sense pressure leading to deformation is tlic 
adequate stimulus for the sensory qualities of touch and of 
pressure alike. The degree of pressure necessary to stimu- 
late subcutaneous end-organs (subserving painless pressure) 
must, as von Frey and Slrughold have pointed out (1927), 
involve a wider area of skin deformation than that which 
forms the threshold for light touch and must lead to the 
stimulation of cutaneous tactile end-organs o\’cr an appre- 
ciable area — possibly sublimal stimulation of many of 
them. Yet by the process of spatial summation a whole 
constellation of impulses may be set up in numerous fibres. 
Von Frey also records that anxsthetization of an area of 
skin markedly raises the threshold to deep pressure over 
the centre of this anasthciic area. It seems possible, therefore, 
as Bazett has suggested, that the sensation we speak of as 
pressure derives from the actiwty of both cutaneous and 
deep sensory mechanisms, and is in the nature rather of a 
concept than of a primary sensation. Even light touch is 
not the simple matter our terminology assumes it to be. In 
fact, all the evidence points to the probability that we must 
have a physiologically sound notion of what cortstitutes the 
physiological unit of stnsoty uetption before the outstanding 
problems of sensibility can be solved. Our pre-occupation 
in the p.ast with the results of artihcialiy stimulating single 
end-organs, and perhaps also our unfounded assumptions 
that single end-organs only were being stimulated when, in 
fact, a pattern of end-organs of more than one order was 
being excited, have led to some confusion of thought and 
to an undue amount of speculation. 

At the time the studies under consideration were made, 
relatively little was known of the fundamental neural 
processes involved, or — apart from the description of various 
forms of sensory end-organ in the skin and subcutaneous 
tissues — of the anatomical basis of skin sensibility. Head, 
Trotter and Boring were therefore compelled to attempt their 
generalizations while lacking much of the information on 
these points that we now possess. It is interesting to note 
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what difTerent lines of thought were pursued by them in this 
attempt. Head, strongly under the influence of Jackson’s 
teachings, may be thought to have moulded his observations 
too ruthlessly within the framework of the abstract doctrine 
of release of function. Boring turned to Bernstein’s specula- 
tions on central projection and difiusion to protide the 
integration of sensory impulses. Trotter approached the 
problem with a surgeon’s familiarity in the handling of 
human tissu^, and with an appreciation of the reactions 
which must ensue from the damage he tvas inflicting upon 
them when he dirided nerves. Therefore he sought to 
account for some of the most striking phenomena resulting 
from ner\-e section in terms of the pathological reactions of 
injured tissue. This is seen in his account of the initial 
h>peralgesia and of the later intensification, where he 
expressed views that were later to be des-eloped in his papers 
on the insulation of the ners'ous system (1924, 1926, 1928). 
These \-iews have received scant attention or understanding 
from subsequent workers in this field, though numerous 
observations suggest that we may yet have to return to them. 
Thus, the diftercntial behaviour of different categories 
of sensor)- nerve fibres under injuries of various kinds 
(pressure, nerve blocking by novocaine), and the observations 
of Lewis on cutaneous hyperalgesia following skin injury, 
all indicate that disordered patterns of sensor)- innervation 
may be the product not solely of physiological or of 
anatomical factors but of pathological tissue reactions. 

In another respect, Trotter’s more realistic attitude 
promises to find confirmation : namely, in his \-icws on tlie 
nature of sensor)' hypoasthesia. He expressed the riew that 
any satisfactory theory of cutaneous sensibility must account 
for this phenomenon and once we abandon, as we must, 
Head’s explanation of h)’poxsihesia as the normal function 
of a special protopathic system of nerv'c fibres and end-organs, 
some other account of it must be provided. Trotter says : 
“ It may be supposed that the sensitiveness of the hair bulb 
is dependent upon the number of ner\'c fibrils going to it 
and possibly also on their reaching it from different directions, 
so that the maximal neural disturbance shall be produced 
by movement of the hair. Suppose now the numbers of 
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fibrils conveying impulses away from a given hair, situated 
in a regio:\ where the supply of two nerves overlaps, be 
considerably reduced by division of one of the nerve trunks, 
it is clear that the normal amount of neural disturbance can 
only be produced by a greater movement of the hair than is 
unially necessary ; that is to say, the hair bulb must be 
more firmly pressed on for a touch impulse to be originated, 
or in terms of sensibility the threshold of the touch spot is 
raised ” (Trotter, 1909, p. 219). It is just such an arrange- 
ment that ^Vcddel^s recent observations have revealed, 
while in respect of pain Woollard has pronded' evidence 
that liypoalgcsia is similarly caused. Clearly, such a 
generalization cannot explain the hypocesthesia that may 
ensue upon lesions of the spinal cord and brain. This 
presents a separate problem. Yet another problem now 
exercising the minds of the investigators of the electrical 
actmties of sensory nerve fibres finds its first formulation in 
Trotter’s pages : namely, his finding of the increased excita- 
bility of the regenerating nerve fibre and of the possibility 
of eliciting from direct stimulation of the nerve trunk specific 
sensations of touch, pain and of cold and warmth when the 
appropriate stimuli were applied to the ner\’c trunk. This 
foreshadowed the specific activities of sensory nerve fibres 
subserving the dificrent modes of sensibility that the observa- 
tions of Gasser and Erlanger, and of Heinbccker, Bishop and 
O’Leary, to be later referred to, have revealed by other 
methods. In fact, die confirmation of more than one of 
Trotter’s inferences and findings has already begun. 

In brief, in view of the richly suggestive character of 
Trotter’s writings upon cutaneous sensibility it is striking 
how little influence they have exerted, and the cynic might 
submit that this is because he coined no new words to adorn 
his exposition. The sway exercised upon the imaginations 
of neurologists and physiologists by the ^vords “ cpicritic ” 
and “ protopathic ” may have had not a little to do with 
the continued currency of the hypothesis which was their 
setting. 

Finally, of the many investigators of the sensory changes 
followng cailaneous nerve division only one, Pollock (*919) 
has drawn attention to a phenomenon of sensibility’ in tlie 
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area of returning ner\’C function that must have ah important 
bearing upon the sensorj' qualities of the intermediate zone. 
Pollock, like Lanier, found that at the end of the seventh 
week after nerve di\’ision the periphery of the area of altered 
sensibility began to shrink at its edges and to regain sensi« 
bility to pain. This appeared at a period before regeneration 
was possible, and must have been due to the invasion of the 
dcner\-ated area of skin by nerve fibres from adjacent areas 
of supply. Resection of the nerve originally divided did 
not abolish this newly appearing pain sensibility. Thus, 
the sensory qualities of the area of altered sensibility, during 
the stage of regeneration, cannot be wholly attributed 
to the latter process. Recent experimental observations by 
\Veddell, Guifmann and Guttmann (ipiO confirm Pollock’s 
surmise. 


Part II 

PHYSIOLOGia\L AND ANATOMICAL 
OBSERVATIONS 

The problem unfolded by the clinical experimental 
studies we have been revievring is manifestly a large one, 
but, as Sherrington has phrased it in another connection, 
" it has the interest that, large as it is, it yet — to speak more 
Hibemco — is larger slill.” So far, what we have been 
considering are gross phenomena capable of direct observa- 
tion. Of the complex neural processes that underlie normal 
sensibility on the physiological levels they tell us very little, 
and while clinical studies may yet amplify and modify the 
facts of observation as recorded in the first part of this review, 
it seems unlikely that we can look to them to throw light 
upon the nature of much of the nerv'ous activity involved. 
For this we must turn to the c-xperimental physiologist 
with his command of instrumental methods of analysb and 
his greater choice and control of material. 

The researches of Sherrington (1939) have served to 
define the motor unit of function, the motoneuronc, and this 
appears to be “ the motor nerve cell and the packet of 
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muscle fibres, 150 or more, that it innervates. It is into 
these packets that the reflex is found to fractionate its 
muscles.” 

So far we have heard nothing of the sensory unit of 
function. The studies of Head, Trotter and Boring, and of 
those earlier workers who identified and examined the 
actitaty of cutaneous cnd*organs, appear to take for granted 
that die single cutaneous end-organ together with its 
conductor is the physiological unit of sensory function. 
Yet if ^v■e may draw any inferences from the nervous manage- 
ment of movement, and the ncrv'ous system does behave 
consistently throughout its range of activities, it appears 
possible, even probable, that the sensory unit consists of all 
the end-organs supplied by a single posterior root fibre. 
If this be so, the physiological unit would be a pattern of 
end-organs in at least two dimensions. Further, bearing 
in mind that our so-called tactile sensibility under normal 
conditions is probably a function of combined cutaneous 
and deeper aflerents {light touch and pressure endings), 
the receptor unit may be a three-dimensional apparatus of 
more than microscopic dimensions. It is interesting to 
speculate that in such an apparatus we may find the basis 
of local sign in sensation : a quality somewhat difficult to 
account for as long as wc regard a single punctate sensory 
end-organ as the unit of function. Indeed, it would seem 
premature to speculate as to the basis of localization of 
cutaneous sensibility until wc know in what the physiological 
unit of receptor function consists. Numerous other points 
equally demand elucidation : for example, whether the 
end-organ has a single or a multiple innervation, whether 
the sensory nerve fibre innervates more than one end-organ, 
the validity of Muller’s law of specific nerve energy in the 
light of the most recent observations ; the roles played in 
the various modes of sensation by end-organs, nerv’c fibre, 
central mechanisms, by the nerve impube and by the central 
excitatory states respectively. These problems call for all 
the resources of minute anatomy and of modern physiological 
methods for the analysis of sensory processes. During the 
past lew years a great body ofinfonnatfon has been derived 
from these sources, and this has made it seem probable that 
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the earlier studies of cutaneous sensibility discussed in the 
first part of this renew were in some respects ill-placed to 
throw light upon the nature of normal sciisor>’ function, 
valuable as they have been in the formal description of the 
modes of sensor)* change following lesions of cutaneous 
ner\-es. They were based upon the punctate stimulation of 
single end-organs and upon tlic assumption, implicit if not 
explicit, that the single end-organ was the functional unit 
and the punctate stimulus a physiological one. 15y its 
artificial simplification, this method not only falls short of 
what is required, but may easily be misleading. Trotter 
clearly avo\ved his a^\•arencss of this danger. 

In this field, also, we have to remember that to deduce 
from a study of the symptoms of lesions the normal functions 
of the structures injured is a complex and by no means 
direct problem. 

V. — The Ei.ECTROPnYsiOL.octc.\L Study of Sensory 
Function 

The assessment of the results of modem clcctroph)sio- 
logical methods is not easy for the clinical neurologist. 
This field of work is a highly specialized one which he will 
enter with diffidence and tread with circumspection, yet 
ready to \icw critically the large claims that are so apt to 
be made by enthusiastic c.\poncnts of ncNs* methods. Never- 
theless, if it be true, as Boileau hopefully expressed it, that 
“ ce que I’on con^oit bien, s’enonce clairemcnt,” he may 
hope to gain some light from the study of recorded observa- 
tions, and be may even in virtue of his familiarity with 
other lines of attack upon the problems of sensory- function, 
have a peculiar advantage in appl>-ing the fruits of special 
methods to their elucidation. 

The foundation of this line of approach consists in the 
analysis of the ner\-e impulse : that is, its excitation by 
stimulation of receptor organs or of the nerve fibre itself : 
its potential value, its characteristic frequencies, and the 
modifications imposed upon it by the nerve channels in 
which it runs. This analysis has bceir made possible by 
instruments which not only register the potential change that 
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constitutes the nen’c impulse, but also amplify it sufficiently 
for its recording and measurement. The earlier workers 
(Keith Lucas, Adrian) employed the capillary elccttomctcr. 
Later the moving iron oscillograph of Matthews and the 
inertia-free cathode ray oscillograph (Forbes, Gasser) were 
devised and, employed with vacuum tube amplifiers of 
increasing power, have revealed in cnd-oigan and nerve 
fibre electrical phenomena not earlier discernible. In the 
monographs of Adrian (1928, 1935) and of Erlangcr and 
Gasser (1937), the reader who is interested will find 
descriptions of these various forms of apparatus. 

The original studies of the properties of end-organs and 
of nerve fibres svere carried out by Adrian and liis co-svorkers 
(Adrian and Bronb, Adrian, Cattcll and Hoagland, Adrian 
and Zotterman), Later, Gasser and Erlangcr and others 
took up the analysis of the compound potential changes in 
nerve trunks, determining the various fibre components 
involved and relating them to specific sensory activities. 

^\^lether studied in an aOerent or an efferent nerve, the 
individual nerve impulse is a remarkably constant and 
unvarying phenomenon. \Vlillc impulses may vary in their 
potential value and their conduction rate, and in the 
sequences in which they occur, they display throughout 
the entire range of nerve fibre activities no qualitative 
diflcrcnces, so that the notion of nerve impulses of specific 
character finds no support. 

The conduction of the ner\'c impulse is the essential 
function of the ncive fibre. Tlie impulse consists in a svave 
of electronegativity that passes along the fibre, leaving in 
its wake a transient phase of refractory state during which 
no further impulse can follow. Any prolonged activity of 
the nerve fibre is therefore necessarily rhythmic, the maximal 
frequency of nerve impulses bang determined by the 
duration of the refractory state. 

The stimulus, svhethCT it arises in a sensory end-organ 
or from the direct stimulation of the nerve fibre, acts by 
setting u^ in the fibre a local and non-propagated excitatory 
state. \Vhen this reaches a certain threshold value — peculiar 
to the fibre in question — an impulse is set up and is, for that 
fibre, of constant and unvarying value (potential). This is 
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expressed in the statement that there is an “ all-or-none ” 
relation between the stimulus and the propagated activity 
it excites in the ner\’c. 

^Vhatever we understand by Muller’s law of specific 
nei-vc cnerg)’, it does not apply to the simple nerve impulse 
as such, for this is found to possess no specific qualities. 
Whether set up by end-organ or nerv’e fibre stimulation, 
and \\hether subserving motor or sensory function, it does 
not vary in essentials. Therefore, when Head states, as we 
have seen, that " each impulse is stamped with the charac- 
teristics peculiar to the organ in which it has arisen,” the 
notion — essential to his theoiy — is seen to be untenable. 

Yet, while the exciting stimulus cannot grade the intensity 
or influence tlie essential character of the impulse, it can 
determine the total activity of the ncr\'e fibre by controlling 
the number and frequency of impulses set up, subject always 
to the limitations imposed upon the nerve fibre by its 
refractory’ state and by its rate of adaptation, 

The essence of a stimulus adequate to set up ncr\’e im- 
pulses is that it should produce a local change in the nerve of 
sufficient gradient, and a stimulus of progressively increasing 
strength is more potent than a constant stimulus. Thus 
direct stimulation of the ner\e fibre by a stimulus of constant 
strength rarely sets up more than a single impulse, for the 
fibre rapidly becomes adapted, the stimulus falls below 
threshold value in consequence, so that by the lime that the 
refractory phase following the initial impulse has passed off 
it has become inadequate. 

A somewhat different stale of affairs is re\ealed by 
Adrian’s studies (1928) of the sensory end-organs in skin, 
subcutaneous and muscular tissues. ^Vhen the nerv’c fibre 
is stimulated physiologically through these normal channels 
a sequence or volley of impukes is commonly set up in the 
ner\’c fibre. 

A considerable number of different ty'pes of sensory end- 
ctgan in skin and deeper somatic dssnes has been described. 
Some of these have been identified as subserving specific 
sensory functions, but the precise sensory correlations of 
many of them remain undiscovered, or at most but the 
subject of surmise. At the present juncture all that we have 
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to consider are the general qualities cxliibited by sensory 
end-organs. In the matter of adequate stimulus we have a 
group (tactile, pressure and postural) for which the stimulus 
is mechanical deformation, and this probably acts by stretch- 
ing the terminal part of the sensory ner\'e fibre within the 
end-oigan. Another group, heat and cold spots, respond to 
exchanges of heat at the body surface ; the heat spots to 
additions, the cold spots to subtractions of heat, and not to 
temperature scale variations as such. A third group, of 
Avhich the pain receptors arc the striking example, respond 
to example, respond to mechanical, chemical and thermal 
stimuli. The purpose of this wde range of response on the 
part of the pain end-organs has already been discussed. 
Thus, four primary modes of cutaneous sexisibiliiy are 
generally believed to occur : touch, warmth and cold and 
pain. Closely associated with these arc deep pressure and 
pressure pain : functions of subcutaneous end-organs. 

Attaching to sensory end-organs of all forms arc qualities 
which suggest that we may regard them as modified nerve 
fibres. They can be made to give frequencies of discharge 
up to the limiting capacity of the nerve fibre. Their rapidity 
of adaptation to stimulus varies from type to type, being 
rapid in tactile receptors, less so in the postural (muscle 
spindle) receptors. These qualities are so graded that the 
nerve fibre cannot be push^ beyond its capacity : that is, 
the fibre can carry impulses of a frequency as rapid as the 
end-organ can evoke in it. Similarly, the slower rate of 
adaptation of the end-organ allmvs it to set up sequences 
of impulses. The muscle spindle which is responsive to 
stretch of muscle is so slowly adapting that it sets up sequences 
of impulses of relatively long duration, while the rapidly 
adapting tactile end-organ may upon minimal stimulation 
adapt so rapidly that only a single impulse is set up. Adrian, 
Cattell and Hoagland (1931) made a skin-nerve preparation 
in the frog containing but a single sensory nerve fibre, 
supplying tactile end-organs to a relatively wide area of 
skin. They found these end-o^ans to be rapidly adapting, 
impulses being set up only during the actual movement of 
the skin. Repeated skin stimulation (by an intermittent 
air blast) set up impulses ofbigh frequency and Jong duration, 

[48] 



the frequency reaching a rale of aoo per second. The last- 
named mode of stimulation gave rise to none of the reactions 
commonly associated uith pain, and it seems, therefore, 
that the end-organs excited by this mode of stimulation arc 
specific for light touch and do not subserve pain. Another 
point of interest is that, as the sensory nerve fibre branches 
distally to supply several cnd-orgaiw, so stimulation of a 
single receptor sets up impulses not only in its own conducting 
fibre, but also impulses of identical frequency and character 
that pass distally (antidromically) down the other branches 
of the parent nerve fibre to influence the activity of end- 
organs not themselves subject to stimulation. The fibres 
corveemed appear to belong to the ^ fibres in Gasser and 
Erlanger’s “A” group of large myelinated fibres, to which 
reference uill be made. In a subsequent investigation, 
Gattell and Hoagland (1931), on the same type of material, 
found the tactile end-organs rapidly adapting, and found 
the end-organs that are antidromically reached by impulses 
have their excitability reduced. This important finding 
suggests that the physiological unit of sensory function — or 
of sensory reception — comprises all the end-organs innervated 
by the branches of a single posterior root fibre ; the stimula- 
tion of any one leading to the modification of the activities 
of every other. That is, the unit appears to be a skin area 
that — even in the frog — may cover 100 sq. mm. 

The end-organs subserving pressure are less rapidly 
adapting than those subserving purely tactile sensibility, 
and uith a steadily increasing pressure on the skin set up 
in the nerve fibre a sequence of impulses of svaxing and 
Avaning frequency. The central responses to light touch 
and to pressure also differ, in that light touch remains a 
discontinuous, or intermittent, sensation however rapid the 
frequency of stimuli, while pressure is a continuous sensation. 

The impulse response to stimulation of pain endings in 
the skin shows characteristic features. To a penetrating 
pin-prick the mitial sensation is one of painless touch and this 
is accompanied by a brief outburst of impulses. As penetra- 
tion goes deeper, the impulses resume— or continue — at their 
original amplitude but with increased frequency, and a long 
after-discharge of impulses follows the cessation of stimulation. 
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TJjc initial sensation of light touch that ensues upon 
minimal degrees of pin-prick has led to the suggestion that 
pain receptors serve both a tactile and pain function. The 
weight of evidence seems against such an assumption and 
in favour of the specificity of the pain end-organs, for in 
areas of skin containing nothing but pain fibres and their 
endings (Woollard, Weddell and Harpman, ig.jo) this 
initial sensation of touch is not felt. When present, therefore, 
it may be due to tlic concomitant stimulation of tactile 
endings. Further, the persisting quality of the pain of 
injiuy has led Adrian (1935) to suggest that the rapidly 
adapting mechanism that subserves pricking pain cannot 
also subserve the persisting pain of injury. Further reference 
to tins point may be deferred till wc come to consider 
Woollard’s tvork. In the meantime, we may emphasize again, 
as in the opening pages of this review, the fallacies latent 
in the tendency to postulate multiple peripheral mechanisms 
to account for obscure aspects of sensory function. 

Other observations of Adrian suggest tJiat the volley 
of impulses that traverse the Icngtli of a nerve fibre 
have imprinted upon them features dependent upon the 
anatomical characters of the fibre. For example, in many 
instances the impulses subserving pain are of small potential 
and slow rate of conduction, stiggesting their carriage in 
small fibres. Ranson (1931, J935) believes that the small 
unmyelinated fibres of the posterior root that enter Lissauer's 
tract in the cord subserve pain, and wth Billingsley (igi6) 
found that stimulation of tliese fibres in the experimental 
animal' yielded reactions indicative of pain. ^Voollard’s 
tvork also indicates that small unmyelinated fibres may 
play a part in pain conduction. 

Tliese observations lead us to ask whether variations In 
fibre size, in amplitude of potential and In rate of con- 
duction have sigmficance in the study of sensory function, 
and we arc thus brought to the second phase in the electrical 
analysis of nervous sensory activity : that undertaken by 
Gasser and Erlanger (1937) and by Heinbecker, Bishop and 
O’Leary (1933, 1934, tpSS) 'vho have investigated ivhat is 
known as the compound action potential by means of the 
cathode ray oscillograph. 
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Gasser and Erlanger find that if the sciatic nerve of the 
bull frog be stimulated electrically at an increasing intensity, 
all the component fibres of the ncn'c arc finally thrown into 
activity. These fibres show different grades of excitability, 
differences in the amplitude of their potentials, and differences 
in their conduction rates ; that is to say, as the stimulus 
gains in intensity, fibre after fibre fires off a sequence of 
impulses. This summed activity is reflected in the compound 
potential record. By the study of the record, it has proved 
possible to analyse the fibre composition of the nerve and to 
classify the fibres into types. Inferences have also been 
drawn as to the functional significance of the types thus 
differentiated. In comparable studies Heinbecker, Bishop 
and O’Leary have confirmed these obscr\’ations on 
mammalian and human material, though they adopt a 
some^vhat different nomenclature and basis of fibre 
classification. 

To undcRtand this work h b necessary to depict dia* 
grammatically the compound potential and to name .its 
component elements. 

The compound potential shows three main waves. A, 
B and C. The A wave is the largest and most rapid and 
has three components a, /S and y. The B wave is smaller 
and of longer duration, and after an intcr-al is'secn a long 
drawmout wave C. Electrical analysb and histological 
control reveal that the fibres responsible for the A \sa\c ;irc 
the largest in diameter and the most rapidly conducting, 
and from the place they occupy in the record must have the 
lowest threshold of excitability. At the other extreme are 
the small, least excitable and most slowly conducting fibres. 
The fibres producing the B wave arc intermediate in these 
qualities (Fig. 3). 

The functional correlations of these three main fibre 
groups have been determined by diflerent methods : namely, 
(i) by the correlation of fibre size with the distribution of 
ner\'e endings in the relevant area of skin ; (ii) by the 
comparative response to nerve blocking as judged by 
potentials and by sensory responses in the human subject ; 
(iii) by the measurement of conduction rates of the impulses 
set up by stimuli exciting different modes of end-organ ; and 



(iv) by the determination of the sensory qualities of the 
responses to stimuli graded to cxdtc different components of 
the ncr\’e. From these various studies the present state 
of opinion appears to be as follows ; To cocaine blocking 
of the nerve, the fibres go out of function progressively in 
the inverse order of size, C, B and A. On tl;e sensory side 
the different modes go out in this sequence : cold, warmth, 
pain and pressure, or according to other observers : pain, 


Fia. 3 

Tlie action potential of the bullfrog’s sciatic nerve IransRnted 
to linear co-onlirtaies. Tlte ttaru, crests and notches of the A, B 
and C elevations, in their correct temporal positions, are joined 
by straight lines. Ottlinales, amplitude in millimetres ; aKcbsx, 
time in milJIjccs. (rrom “liJcclrical Signs of Nervous Activity,” 
Crloi^cr and Gasser, 1937O 


cold, warmth and pressure. The fibres subserving pressure 
are the largest of the sensory components of the ncr\’e, those 
subserving postural sensibility being of much the same order. 
It seems that afferent fibres stimulated by mechanical 
deformation of their end-organs (touch, pressure and 
posture) are widely distributed through the A range. They 
arc the last to be blocked by cocaine. Vibration sense goes 
before light touch, then pressure follows, and it seems likely 
that both the former arc subserved by fibres of a larger 
average diameter than those subserving pressure. Warmtli 
and pain are subserved by fibres slightly larger than those 
for cold, but also by the smallest C fibres. Pain is served 
by a wide range of fibre rizes, and some pain (delayed pain) 
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is conducted by the C fibres, which remain active when all 
other fibres have been blocked. Cold is subserved by the 
na^^o^vcst range of fibre sizes. On the whole the fibres 
associated uith each different modality of sensation are 
wdely dbtributed through the fibre range, and the e\-idence 
so far as it goes tends to support the Ndew that sensory fibres 
are grouped according to function and are specific. The 
fastest fibres are those that respond to mechanical deformation 
of their end-organs, those responding to thermal and other 
modes of stimulation being slower and smaller. Little is 
yet kno\vn of sensor^’ fibres of the second ph^-siological level 
in the cord, but it seems that conduction rate in the sensoiy* 
path at the lc\'el of the posterior column nuclei is only one- 
third that at the level of the posterior roots, and the fibres 
at the former level are smaller than the peripheral sensory’ 
neurone. It may’ be added in conclusion that present inter- 
pretations of these \’arious electrical and other anaij'ses of 
sensory’ fibre function have not reached finality. Some of 
the most recent potential anal>’ses are of a highly comple.’c 
character, and have attempted to determine the afferent 
fibre sy’stems subsen.-ing tickle and itching (Zotterman, 
1939). The steps of these analy’ses are far too complex 
and employ a special terminology too recondite for their 
assessment by the clinician, and an impression is aroused 
that possibly too much is being asked of the method in 
elucidating physiological function at its present stage of 
de\’cIopment. Yet srith a method already so fruitful and 
so steadily advancing in delicacy it would be premature to 
say that it 'will not pro\ide an e\’cn greater harvest before 
its resources are exhausted. 

In short, all these investigations still support the old idea 
that there are four primary sensory modes — touch, pain, 
cold and svarmth, and probably also subcutaneous pressure 
and pressure pain modes. They bavc show'n conclusively 
that the indis’idual nen’C impube is not of primary im- 
portance in the determination of the final sensory effect, 
but that the sensory pathway as a whole has components 
specific for each mode of sensibility. Each component in 
the pathway contributes an element to this specificity : the 
end-organ with its selectK’e excitability and adaptability 
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(factors that vary with each sensory mode) determines the 
mode of activity of tlie conducting nerve fibre (the frequency 
and duration of the volleys of impulses) ; the fibre itself 
in virtue of its size (which conditions its excitability and 
conduction rale) also imprints specific efiects upon the 
impulses lliat travene it ; while, finally, the central 
destination of each specific sensory group of fibres, and the 
variations in die central excitatory states, act as the final 
determinants of the sensory eflects. There is, therefore, a 
mode of specific nerve energy, not resident in the single 
impulse, but a product of the combined activity and 
morphology of each component of the sensory path. In 
this way the four primary modes of cutaneous sensibility, 
combined with the sensory impulses received from deep 
somatic structures, afford support for the view that all the 
complex sensations experienced can be adequately accounted 
for as a central integration or fusion of simpler primary 
ones. The number of variables that exist, physiolo^cal 
as well as anatomical, the permutations and combinations 
of impulse frequency, duration and intensity, the number 
offibres in action and the interaction of cerebral meclianisms 
ofier an adequate basu for a wide range of sensory experiences 
derived from a few specific components. As Jackson pointed 
out, a few muscles can be combined in different ways to 
perform an almost infinite variety of movements just as the 
few notes of the octave can be combined and changed to 
produce an infinite variety of tunes. Probably, then, the 
central mechanisms that subserve sensation on the physio- 
logical level can serv’c with equal efficiency to provide the 
whole range of sensory experience from the material provided 
by the mechanisms we have reviewed. 

One other point of interest in the experiments of Hcin- 
bcckcr, Bishop and O’Leary (1934) may be mentioned in 
connection with an observation of Trotter’s already referred 
to. Trotter found that in response to tactile, painful and 
tliermal modes of stimulus the regenerating* cutaneous 
nerve trunk responded by yielding all the appropriate modes 
of sensation, thus revealihg spedfic sensory qualities in nen’C 
fibres when excited in the absence of their specific end-organs. 
This finding is in harmony with what electrical analysis has 
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revealed of sensory’ nerve fibres, but, in addition, the obser\’ers 
named find that direct electrical stimulation of an exposed 
human cutaneous nerve yields sensations of touch and pain, 
thermal modes of sensation not being elicited by this form 
of stimulus. 

Throughout the observations thus summarily considered, 
the notion is implicit that local sign is not so much a function 
of the indhidual end-organ, as of the interaction of impulses 
of vary’ing frequency and intensity derived from the simul- 
taneous and successive activity of numerous end-organs, 
working perhaps in patterns. Indeed, it seems that the 
important lesson to be learned is that we must not think of 
the individual end-organ and its fibre as the physiological 
unit of sensation. 

So far, no direct study of the identity of the physiological 
unit of stTisoiy function has been discussed, though, as we have 
seen, Cattell and Hoagland’s observations throw light upon 
the matter. The problem has recently been attacked by an 
ingenious method by Sarah Tower (1940). She asks : 
“ ^Vhat is to be considered the unit nerve ending : all the 
terminal tissue of one ner\’e fibre or the separately encapsu- 
lated portions of terminal tissue? ’* In the case of the rich 
formation of uncncapsulatcd ncr\’c endings in the skin that 
subscr%'c cutaneous pain, the product of free branching of 
sensory ncr\'c fibres, the question seems still more to call 
for an answer. In the frog’s skin Adrian, Cattell and Hoag- 
land (1931) found that appreciable areas of skin were 
inncrs’atcd by the branchings of a single neurone. To^^■er 
(1935) found that in the frog’s viscera a single afferent 
fibre may inners’ate an area of from 2 to 3 sq. mm. Her 
present investigation takes the rabbit cornea for its sensory’ 
field. The terminal ramifications of a single afferent fibre 
comprise a unit area of from 50 to 200 sq. mm., the area 
has’ing sharply defined limits. If wc regard these branches 
and the fibre from which they arise as a physiological 
receptor unit we have somediing remarkably like the motor 
unit already referred to. Actirity anyavhere within this 
unit area is found to influence the whole, but not to influence 
adjacent sensory’ units in the cornea. Adaptation and fatigue 
phenomena were confined to the unit, and an impulse 
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generated m one point of the unit area appeared to spread 
throughout the area to alter excitability at other regions 
within it. Tower therefore concludes that “ the sensory 
receptor in the cornea emerges as all the terminal tissue of 
one nerve fibre. This is a unit, a<^ivity in any part of which 
affects the’ whole . . . the comeal sensory mechanism 
appears as an aggregate of units and not as a continuum. 

While it is clear that much evidence remains to be 
gathered, it seems highly probable that this finding expresses 
a state of affairs lhai obtains throughout the sensory receptive 
mechanism. The anatomical studies of Woollard all point 
in this direction. Before closing this brief summary, mention 
should be made of another series of investigations which bear 
upon the central destination of the pathway for tactile 
sensibility. Marshall, Woolsey and Bard (1937) explored 
the monkey’s cortex to sec if tactile stimulation of the skin 
evoked in any part of it electrical changes that might be 
considered to indicate the arrival of the relevant impulses, 
and to localize the situation of the sensory cortex. Bard 
(1938) has summarized their findings as follows : the 
application of discrete tactile stimuli to any cutaneous area 
evokes in a weU*defined bortical area welMocalized potentials, 
and reveals a detailed top(^raphicaI representation of tlie 
body surface in Brodmann’s are.as 3, i and 2 that follows 
the same general plan as the similar cortical representation 
of movements in the precentral convolution. This sensory 
representation is strictly crossed. They consider it probable 
that the cortical area thus revealed is the projection area 
of the thalamocortical fibres subserving tactile sensibility, 
and the potentials may represent the summed action 
potentials of these fibres. 

VI. — Tire Anatomy of Cutaneous Sensibility 

The punctate nature of cutaneous sensory end-organs has 
long been established on a sound anatomical and physiological 
basis, blit while the various types of these receptor organs 
have been minutely described by histologists, the mode and 
pattern of their innervation has remained largely unknown. 
Yet a full understanding of their contribution to sensory 
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function requires that we shall know the nature of their 
nervous connections. Witliin the past few years by the 
adaptation of the method of staining nervx fibres in vivo by 
methylene blue, Woollard and his collaborators and 
successors in this work liave added greatly to our knotvledge 
of the nervous structures present in the skin, and have 
clarified much that was obscure. These most fruitful 
researches initiated by Woollard before his premature and 
regretted death have been pursued by IVcddell and others, 
and promise to resolve many of the outstanding problems 
in the anatomy and physiology of cutaneous sensibility. 
In truth it is clear that the anatomist must have the last 
word in this long search to reveal the sensory functions of 
the body surface, for where there is no structure there can 
be no function. At least two of the hypotheses considered 
in this tevacw must be regarded as wanting in validity because 
the postulated foundation of structure upon which they are 
built has been found, by these investigations, to have no 
existence. 

By a scries of comparative histological studies, using vital 
methylene blue staining, In the dog, fish, rabbit, monkey 
and man, it has been found that there is a remarkably 
constant pattern of sensory inncr\’ation in the skin. This is 
most complex in the monkey and man in respect of the 
variety of end-organs present, ‘but throughout the scries 
the general architecture is strikingly alike. 

Deep to the skin sensory, nerve bundles arc found which 
branch freely, sending ramifications in all directions to 
enter the skin. Therein they form two main nerv’e plexuses, 
deep and superficial. Tliick and thin nci^’e fibres, both 
meduUated and non-mcdullated, compose these plexuses, 
the deeper being on the whole composed of fibres of greater 
diameter. Within both plexuses fibres of varying calibre 
may be seen to run inside a single neurilemma sheath. In 
the. sJdo. qC tl’A cax thi#^ fibers, axe. seea to innervate 

hair follicles. Each follicle may contain as many as ten 
hairs, and as many as se\’en terminal fibres may innervate 
a single follicle. The ramifications of a single fibre may 
innen’ate as many as 300 follicles (Weddell, 1941 (c)). 
Further, each follicle receives a dual principal inner\'ation, 
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receiving a main fibre from at least two parent stems. In 
addition to this hair follicle innervation, finer fibres from 
the superficial plc-xus arc seen to shed their medullary sheatlis, 
to become varicose and to branch repeatedly to form rich 
arborizations of naked and beaded terminals which lie 
below and between the epidermal cells. 

In human skin the same deep and superficial plexuses 
arc to be seen. The fmer branches enter the stratum 
mucosum and stratum granulosum and, branching freely, 
provide the rich network of beaded terminals already 
described. Further, fine non-medullated fibres are seen to 
provide an “ accessory ” innervation to complc-x end-organs 
of various types in die skin, e.g.^ to hicissner’s coipusclcs 
and to Krause end-bulbs. These accessory fibres expand 
and form a skein in the end-organ, llius each group of 
these end-organs receives a dual principal innervation and 
an accessory innervation (Weddell, 1941 (3)). 

The fine branchings which arise from the superficial 
plc.xus form a prominent feature in the skin. The branches 
from eacli parent fibre interlock ivith Uiose from other fibres, 
but there is no continuity between overlapping arborizations. 
Tlicse fibres and those providing the accessory innervations 
are of the same morphological type, and for reasons to be 
considered, it is concluded that they constitute the anatomical 
mechanism of cutaneous pain sensibility. Tlie arboriza- 
tions arising from different parent fibres each innervate a 
roughly circular area of sldn, of dimensions that vary from 
one body region to another. Thus, on the dorsum of the 
hand such a single area may have a diameter of no less 
than 0-75 cm. 

The Mdssner’s corpuscles, %vhich are thought to sub- 
serve tactile sensibility, are most thickly sown in the papilla: 
of the skin of the finger tips, i sq. mm. containing as many 
as ten groups of two or three corpuscles. These organs are 
commonly thus grouped and are rarely solitary. A “ touch 
spot ” as known to the physiologist consists of one or more 
groups of the corpuscles, and it is found that at least two 
main fibres, relatively thick and meduUated, innervate each 
“ spot.” In addition, each corpuscle has its fine “ accessory ” 
fibre. Krause end-bulbs, believed to subserve the sensation 



oF cold, arc similarly grouped and inner\’ated, and it seems 
probable that a “ cold spot ” comprises one or more small 
groups of these endings, with a dual principal innervation 
and an accessory fibre to eacli end-bulb. Another form of 
end-organ, Merkel’s disc, has been obser\’ed in the skin of 
the monkey’s thumb. 

It will be appreciated that this arrangement of end-organs 
in groups and in particular the groupings of naked ner\'c- 
endings in area and in depth, is that outlined by Trotter as 
governing the innervation of the skin. It pro\adcs an ex- 
planation of sensory hy'poxsthesia, since immediately after 
section of a cutaneous nerv'e a given group of end-organs 
has less than its full innervation. During regeneration the 
full multiple innervation is only gradually restored. Thus 
stimulation of a given “ spot ” tends to set up less than 
the normal amount of neutral disturbance. In respect of 
the free endings, the diminished number of endings and the 
absence of overlap has a comparable result in respect of 
painful sensibility. By novocaine blocking, in succession, of 
two cutaneous nen-es inner\'ating adjacent areas of skin. 
^Voollard, AS’eddell and Harpman (1940) found that the 
contiguous margins of tractile insensibility coincide, but 
that there is a gap of about i cm. in width between the 
adjacent margins of analgesia to pin-prick. In other words, 
as Head had found, the distribution of the pain fibres in 
a given ner^-e is more extensive than that of fibres subserving 
tactile sensibility'. In tliis gap of i cm. width fibres and 
endings subserving pain overlap, and this narrow zone 
receives its pain fibres from two adjacent nerv'es. When, 
in this zone of overlap, one nerve is divided, the number of 
pain spots is found to be reduced and the threshold of pain 
sensibility raised. Weddell, Guttmann and Guttmann (1941) 
find evidence of sinular overlap in the rabbit. For a given 
cutaneous nerve they find a central ” autonomous ” area 
supplied by the divided nerve alone, an intermediate ” zone 
of overlap, and a maximal zone— comprising both the 
preceding — that constitutes the entire area of distribution of 
the nerve. 

They also find that, shortly after nerv’e division, the 
intermediate zone begins to shrink peripherally, and find 
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histologically that the reason for this shrinkage is the invasion 
of the partially denervated skin by advancing pain fibres 
from adjacent intact nerves. In other words, the early 
stages of apparent restoration of pain sensibility are due, not 
to regeneration of divided fibres, but to growth of nerve 
fibres subserving pain in adjacent areas. As already 
mentioned, Pollock found a similar state of affairs in the 
human subject. 

Another feature of aitancous innervation revealed by all 
these observations is the dispersal in all directions of the 
nerve fibres that enter the skin. In this way they approach 
the region they arc to innervate from widely different 
directions. Thus the fibre that finally reaches the centre 
of a given area may have further to travel than one that 
innervates its periphery. Hence, during the process of 
regeneration, the groiving fibres have different distances to 
travel and cannot simultaneously rtsform their former 
connections with their appropriate end>organs. 

In addition to these histological investigations, Woollard 
and his co-workers (Woollard, Weddell and Harpman, 1940 ; 
Weddell, 1941 (a), 1941 (^), 1941 («) j Weddell and Glees, 
1941 j and Weddell, Guttmann and Guttmann, 1941) have 
carried out a number of physiological observations directed 
to tlie study of cutaneous pain sensibility. 

It is found that the penetration of the skin by sharp 
needles may yield sensations of touch, pressure, cold, warmth, 
and pain, or — upon occasion — no sensation. Penetration of 
the skin is essential to the production of pain, and like many 
earlier obser\'crs they find lire pain to be of two qualities. 

Thus, there is (i) an abrupt, brief, painful sensation that 
hurts relatively little, followed as penetration proceeds by 
(u) a delayed pain of increasing intensity, like a small stinging 
area, and of slow waning. It may not reach its maximum 
for two seconds. The two pains may follow without an 
interval (phasic pain sensation) or an interval may separate 
them, this feature varying according to the body region 
stimulated. In respect of the diflercnt modes of sensation 
yielded by a prick, they note that the “ first ” pain is elicited 
on a penetration of 0*25 mm., “second ” pain at i mm., 
cold at I to 1*5 mm., warmth at 1-75 to 2*5 mm., pressure 



at 2 to 2-5 mm., and — paradoxically — touch at 2 mm. 
penetration. This last result is not so odd as might at first 
sight appear, for an extremely sharp-pointed needle may 
^^•ell penetrate relatively deeply before causing that deforma- 
tion of the surface of the skin that is the essential condition 
of the stimulation of a touch corpuscle : a consideration 
that deprives the argument tliat pain receptors may also 
subser\'c tactile sensibility of its force. 

Further im-estigations showed that in areas of skin wliich 
subsequent examination revealed as containing only the 
free ners’C endings already described, the only sensation 
yielded was pain. Both “ first ” and “ second ” pain were 
localued wih equal accuracy, and the discrimination of 
tsvo successive pricks was achieved ^rith accuracy svhen 
sufficiently far apart (i cm.) to include the areas innervated 
by the branchings of two adjacent parent fibres ; that is 
to say, when they were so placed as to set up separate 
impulses in two afferent fibres. Since, as wc have seen, the 
pain mechanism is disposed in depth as well as in area with 
pain fibres lying in both deep and superficial plexuses (the 
final branchings arising from the latter), Woollard believes 
that both superficial and deep pain are subserved by a single 
neural mechanism. Deep pricks pass through the disposition 
of the mechanism in depth and stimulate not only superficial 
arborizations but also deep nerve fibre handles. He thus 
accounts for the greater intensity and diffuse character of 
deep pain on the basis of spatial summation. 

Finally, pain appears to be subserved wholly and ex- 
clusively by terminal nerve twigs with free nerve endings, 
and he finds no trace of any' other such arrangement of 
fibres in the skin, thtis invalidating the hypothesis, to be later 
discussed, that there is a separate “ nocifensor ” system of 
cutaneous nerves of this mo^holqgical type. 

We see, therefore, that the unit of pain reception appears 
to be, not a single pain spot, but all the branchings and free 
endings of a single parent fibre, disposed in area and in 
depth, and of a total volume of macroscopic dimensions. 
From what Tower has shown of the widespread activity 
within such a unit when one point of it is stimulated, we may 
probably find in this arrangement the basis of local sign in 



painfljl sensation- TJie more highly oi^anized cnd-oigans 
subserving other modes of sensibility : tactile (Meissner’s 
corpuscles, Merkel’s discs), cold (Krause’s cnd>bulbs), 
warmtli (RufHni’s endings), pressure (Golgi-Mazzoni and 
Rufliiii endings) appear, as far as can be ascertauicd, to 
be arranged on a similar plan, and thus it seems probable 
that localization is achieved in respect of each modality in 
virtue of the massed arrangement of the indhndual end- 
organs and of the multiple innervation of each group of 
these organs. 

A further word remains to be said of the “ accessory ” 
fibres seen in different types of cutaneous end-organ. Mor- 
phologically these resemble the fibres subserving pain, and 
Woollard suggests that they may by their presence there 
signal the advent of supramaxim^ and potentially harmful 
sdmuli ; that is, they may act as a form of “ burglar alarm ” 
in the ending. Their presence might also account for the 
tvide range of stimuli that is capable of yielding a sensation 
of pain : a notion compatible with the specific activity of 
each type of end-organ. 

Fig. 4, taken from the paper by Woollard, Weddell and 
Harpman (1940), represents the authors’ conception of the 
innervation of the skin as seen in section. 

Weddell and Harpman (1940) have also studied the 
sensory end-organs in deep fascia, periosteum and tendons, 
and their findings have some relevance to the problem of 
pain sensibility. They find three types of nerve ending in 
these structures : a freely branching system of fine fibres 
terminating in free endings, Valcr-Pacini and Golgi- 
Mazzoni endings. Each of the Uvo last receives the same 
fine “ accessory ” fibre that has been described in Meissner’s 
and Krause’s end-organs. 


Pakt hi 

SOME CONCLUSIONS 

In a passage cited earlier. Head remarks that “ between 
the impact of a physical stimulus on the peripheral end- 
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From tht “ Journal of Analomjr,” bj tourle^ of The Umiersiljr Pitts, Camhrtd^t 

Fio. 4 

CwmpoBile dlagrani shcn'ing the iiincnation of the human jkin. .1, MctLcI’s 
discs, subserving touch. B, Fic« endings, subserving pain. C, Meissner's 
coreuscles, subsciring touch. V, Nerve fibirs, subserving pain. E, Krause’s 
end bulbs, subserving cold. F, Nerve-endings, subserving warmth (sometimes 
called Rufiini’s endings). (7, Nerve fibres and endings on hair follicle, subserving 
touch. //, Ruffini’s endings, subservii^ pressure. /, Sjmpathetic nerve fibres 
innervating sweat glands. J, Pacinian corpuscles, sutserving pressure. K, 
Golgi-Mazzoni endings, subscrvii^ pressure. L, Nerve tninls containing thick 
and thin fibres. M, Sebaceous ^and. A', Sweat gland. O, Sympathetic 
fibres supplying arrector pili musde. Drawing compo^ from methylene-blue 
and reduced silver preparations. Hie Atnctional interpretations above are 
based upon observations by the writers. (From lYooUard, Weddell and 
Harpman, J. AitoL, 74> 427.) 
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organs of the ncrvoUs system, and the simplest changes it 
evokes in consciousness, lie the various levels of physiological 
activity ... by the time afferent impulses reach one of 
tiiosc Centres where they can form the underlying basis of 
sensation they have been profoundly modified.” Yet from 
^vhat has been said, it seems clear that the physiological 
processes concerned are not what Head envisaged. Until 
the liighest centres of sensory function are reached, the 
impulses subserving the four primary modes of cutaneous 
sensibility appear to travel virtually unchanged, and do not 
undergo tlie remarkable modifications in spinal cord or 
brain-stem outlined by Head. It appears likely from what 
^ve have recently learned of the innervation and grouping of 
sensory end-organs that the impulses in virtue of their 
multiple source in double innervated end-organs, and of 
their different frequencies and sequences, provide much 
more complex sensory material for integration than Head 
supposed, or could have known. It seems likely, for example, 
that local sign in sensation is subserved by tlie spatially and 
temporally dispersed origin of impulse volleys. 

Of the further central modifications that sensory impulses 
undergo very little is kno>vn, though something can be 
surmised if tve turn to the great deal Uiat is known of the 
central nervous management of movement. The student 
of sensory functions most deeply versed in the work of 
Sherrington and his school is probably he who will see 
furthest into the physiological problems of sensation. In 
this connection it may be suggested that no student of tliese 
problems can afford to neglect the article on cutaneous 
sensation Avritten in igoo by Sherrington in Schafer’s two- 
volume textbook of physiology. The workers on cutaneous 
sensibility of the closing years of tire last century saw deeply 
into the problems involved in tactile localization and dis- 
crimination, and their observations arc only to be found 
assembled and critically examined in Sherrington’s article. 
We may yet have to go back in thought to tliis relatively 
remote period in physiolo^cal history, and consider sensory 
functions in the light of what was then thought, and what is 
now kno^vn, before success rewards our efforts in this most 
complex of problems. 



VII.— Problems of Cutaneous Pain Sens.diuty : 

The Nocifensor System 

No mode of cutaneous sensibility has been the subject of 
so much speculation and of sudt connici of opinion as 
cutaneous pain. It has been spoken of as being of high 
threshold, as possessing receptors rcsponsis c to a wide range 
oI sumuh mechanical, thermal and chemical ; as being 
subserv^ by two separate peripheral mechanisms— the one 
r«pons:blc for the brief rapidly developing pain of a prick, 
the other for the more slowly dc\-cIoping and longer lasting 
pain of injury ; slow and fast pain fibres ha\c been poMu- 
lat^ each siibscmngdifrcrcnt modalities of p.iiti ; according 
to Head the peripheral mechanism concerned is of “ crude ” 
lunction and “ primitive ” phylogenetic histoiy, capable of 
eliciting maximal and ungraded sensations and endowed 
Mt 1 no precise local sign ; Trotter has emphasized the 
disproportion between stimulus and the overwhelming 
nature of the semaiion resulting in consciousness ; while 
Uie lunction of pain as protective, or as signalling impending 
inji^' to the tissues, has been widely accepted. In the 
held of electrophysiology comparable variations in view 
iiave been expressed. 

There are, as Trotter has pointed out, limitations to 
c notion that pain serves a primarily nociceptive or 
protective funcUon. Thus, to the lethal X-ray it yields no 
rraponsc, while some internal maladies of fatal issue arc 
a '-anced beyond hope of treatment before they elicit any 
activity in the mechanism subserving pain. Yet in respect 
° considering cutaneous pain 

sensibility— it seems reasonable to agree that pain does 
signal impending external injury and thus serve a protective 
unction. Again, as Trotter has emphasized, the stimuli 
a equate to elicit pain are of a quality less than ncccssar)' 
o injure the tissues, and so, if we accept the protective 
we cannot reasonably speak of it as a high 
reshold mode of sensibility. The mathematical and 
tnechamcal standards by which in the past we have tried 
to calibrate the threshold value of the pain receptors arc, 

^ M been suggested, wholly irrelevant to the organism, 
urther, the sensitivity of the cutaneous pain receptors to 
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a wide range of stimuli is not a quality that, biologically 
considered, dificrentiates them from tliose subserving other 
modes of sensibility. This mechanism responds to potential 
noxa. We have agreed that it is its function to do so, and in 
this sense the response is not less specific than those of other 
receptors. Here, again, we have to consider the biological 
relevance of different forms of adequate stimulus. 

That these receptors also subserve tactile sensibility is a 
notion that sve have seen to contain a fallacy, since in areas 
of skin deprived of tactile sensibility and containing only 
the specific endings for pain, no touch is felt. The penetration 
of the normal skin by a pin when it is progressive must 
sooner or later — and this according to the fineness or other- 
tvisc of the extremity of the pin or ncedle-^dcform the skin 
and thus stimulate both tactile and pressure nerve-endings. 

Woollard’s observations lend no support to the view that 
there are ttvo peripheral mechanisms for pain. The wide 
area and appreciable depth of skin supplied by the arboriza- 
tions of a single sensory parent fibre make it dear that a 
penetration of any depth byasharp needle must “ touch off” 
a number of pain nerve-endings and nerve fibre bundles. 
In the case of any given single stimulus of this order, no one 
can ever say vrithin wide limits what amount of neural 
disturbance has been set up, that is, how many volleys of 
impulses in how many fibres have been excited. This 
point of view receives some confirmation when we consider 
tvhat happens in an area deprived of overlap by the section 
of one of the two main nerves supplying an ared of skin. 
The pain endings and fibres arc found to be less numerous 
and the threshold raised. The h)’poEsthcsia is a natural 
result of the stimulation of fewer receptors. 

A somewhat different problem — at least on a superficial 
view — is provided by the persistent hyperalgesia that follows 
minor damage to the skin. There arc several indications 
as to how this may arise, but the most elaborate hypothesis 
is that advanced by Lewis (1936) who has postulated the 
existence of a special system of nerves svhich, acting in • 
association with the pain nerve-endings, specifically subserves 
this sensory reaction. Xhis fie names tfie "nocuensor system.-” 

Like Head’s hypotliesis, this one seeks to generalize 
clinical observations by suppoting the existence of an ana- 
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tomical mechanism of which no direct evidence is provided. 
In the course of obsert’ations carried out with Hess (1933), 
Lewis noted the development of cutaneous hyperalgesia 
following local injuries to the skin. This hyperalgesia 
tended to spread over a relatively wide area surrounding the 
lesion and to endure for a matter of one or more hours. In 
normal circumstances, damage to the skin is the natural 
stimulus to the development of hyperalgesia, but under 
experimental conditions Lewis (1936) found that (i) crushing, 
freezing or faradizing tiny areas of skin ; (ii) faradizing 
cutaneous nerv’e trunks, either through the skin or directly 
through subcutaneous electrodes, were equally effective. 

The resulting hyperalgesia is a smarting soreness of the 
skin, spontaneous and on friction, and lends a peculiarly 
diffuse and long-lasting pain on pin-prick, and when a 
needle is mounted on a flexible hair pin-pricks arc felt 
“ more often ” over a hyperalgesic than over a normal area. 
The topography of the hyperalgesic area has certain charac- 
teristics. To a tiny skin crush there ensues an oval area of 
h)peralgesia, to faradization of a nerve the hyperalgesia 
may fill the entire cutaneous distribution of the nerve. 
Hj’peralgcsia develops progressively after a delay of seconds 
or minutes, according to the intensity of the stimulus, and 
wa.ves and then wanes over a period ranging from one to 
several hours before it finally disappean. Not all subjects 
appear to yield the reaction, at least upon the occasions on 
which they were tested to this end — though Lewis docs not 
make this important qualification. 

In a series of further observations Lewis found that if an 
area of skin is anasthelized before crushing, hyperalgesia 
does not develop until the aniesthesia passes off, when it 
appears in the usual way. Once it has ensued upon a skin 
crush, anesthetizing the lesion does not abolish it. IVhen 
the stimulus is faradization of a nerve trunk, blocking the 
nerve prior to, and proximal to the point of, stimulation 
delays the appearance of hyperalgesia until the block has 
passed off, when hyperalgesia develops as usual.' But if 
before we stimulate the nerve we block it distally no 
hyperalgesia appears when the block passes off. 

From the skin-crushing experiments, Lewis concludes 
that the production of hyperalgesia must be due to the 

C67] 



activity of cutaneous nerve fibres within the skin, the in- 
tensity, spread and rapidity of its de\’eIopment being 
incompatible with tlie simple notion of release and spread 
throughout the skin of a “ pain-producing ” (P-P) substance. 
Further, the delay in appearance of the reaction until the 
previously imposed anaesthesia of the damaged piece of skin 
has passed off, also indicates a nervous mechanism : while, 
finally, the fact tliat, once established, hyperalgesia is not 
abolished by anaathetizing the lesion, indicates tliat a 
maintained flow of nerve Impulses from the immediate 
region is not essential. From the faradization experiments 
he deduces that an ascent of impulses from the stimulated 
nerve to the central nervous system cannot be in question, 
since svhen the nerve is blocked above the stimulated spot 
— and no impulses can travel centripctally — impulses can 
still travel antidromically to the ners-e-endings in the skin, 
where they suffice, as soon as the block passes off, to elicit 
hyperalgesia. The prior blocking of the nerve below the 
spot faradized does not prevent the central passage of 
impulses, but docs prevent their passage distally to Uie 
nen'C-endings, and in these drcumstances no reaction ensues. 
Therefore, hyperalgesia must be due to the setting up of an 
altered state in the skin co-extensive \vith the cutaneous 
territory of the nerve stimulated. 

Tlic train of processes he supposes to be set up by damage 
to .the skin is as follows : — 

Damage to skin, local Uberation of P-P substance. 

Stimulation of nerve endings m skm by this substance at the 
site of Uie lesion. 

Spread of nervous impulses throughout all or part of a 
cutaneous nerve distribution. 

Local liberation of more P-P substance at all endings or these 
skin nerves within this distribution. 

; 

Lowering of threshold of all pam receptors in this area of skin. 

Passage of impulses centripctally dong pain fibres to central 
nervous system. 

I 

Hyperalgesia in affected area of skin. 
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It is the sole and essential function of the special sj'Stem 
of cutaneous ner%-es concerned to cause the liberation in 
the skin of pain-producing substance, and the presence of 
this in the skin accounts for the persistence of the hy'peralgesia, 
e\’en when the damaged spot is anaesthetized and no nerce 
impulses arc proceeding from it. 

Lewis belie\’es that the ner\'cs in question cannot be the 
fibres and endings subserxing pain because stimulation of a 
pain receptor yields a brief and accurately localized sensation 
of pain ; a response he regards as impossible in the case of 
such a cutaneous nerx'e plexus as he envisages. The wide 
spread of the hyperalgesia he attributes to the richness of the 
arborization of the parent nocifensor fibres xvhen they enter 
the skin. He also speaks of the parent fibre as ultimately 
joining the posterior root fibres and entering the spinal cord. 

WooUard’s histological obserx'aiions provide no evidence 
of the presence in the skin of any other system of branching 
nerve fibres v\ith free endings than those demonstrably 
subserving pain, yet it is just such a system that Lewis 
postulates as present in addition to the pain-subserving 
fibres and endings, and just such a system that is found, 
in fact, capable of yielding a minutely and accurately 
localized sensation of pain. We sec, therefore, that a nerve 
plexus can yield localized sensations, and that the only 
plexus of the kind knovv-n to c.\isi subserves pain. There is 
no other. Another difficulty— if this were not conclusive 
enough — presents itself in the acceptance of Lewis’s hypo- 
thesis. Let us try to construct a diagram of the nocifensor 
system, for if this has an anatomical existence it should be 
possible to represent it diagrammatically’. At its distal 
extremity the nocifensor fibre ramifies to form an arboriza- 
tion of free nerve-endings in the skin, while proximally' it 
runs up in. the sensory nerve trunk to reach the posterior 
root and spinal cord. Its further fate and function therein 
me are not fo?cf, but ali that the hypothesis requires is a 
cutaneous nerve plexus co-terminous with that of the 
cutaneous nerve within the territory* of which it is found. 
No discoverable function can be conceived for a central 
prolongation of the nodfensor system into the central 
nervous system, for of itself the system subserves no sensory 
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function, and its activities arc loc.ally engendered and locally 
executed in the skin. The endings of the nocifensor plexus 
appear to be both receptor and cnector, for tvhen damaged 
an ending sets up impulses which travel throughout tlie 
plexus to all other endings, which then act upon skin 
cells ; undamaged, the endings become effector themselves. 
In short, there are insuperable objections to Lesvis’s 
interpretation of his observations. 

Nevertheless, some generalization of the facts of cutaneous 
hyperalgesia is called for, and, it is submitted, this may be 
found svithin the scope of what we already know about the 
structure and functions of the sensory nervous system. In 
respect of crushes of the skin, two results may follosv : the 
stimulation of nerve-endings and fibres subserving pain, 
and the liberation from the damaged cells of the skin of 
“ pain-producing " substance. Taking the first, and most 
certain, of these factors, the evidence points to the following 
conclusions. The unit of sensory reception for pain (as for 
other modes of sensibility) appean to comprise all the 
endings arising from a single parent fibre (presumably a 
posterior root fibre). This unit may be of relatively con- 
siderable dimensions on the surface and is also disposed in 
depth in the skin. Damage to any part of this unit affects 
the activities of the entire unit and may reasonably be 
assumed to set up. a neural disturbance which arises from 
all parts ofit. Further, as Adrian (1935) has shown, injury, 
particularly in sensory nerve fibres, sets up a rhythmic 
discharge in the neive fibres. Tbe discharge consists of a 
sequence of impulses of high frequency, sometimes of a 
recurrent discharge of from 2 to 20 impulses. How svidcly 
svithin the receptor unit this discharge may spread we do 
not know, but we may not assume that it occurs only within 
the limits of the actual crush. 

That preliminary anaestherization of the skin to be 
crushed delays the onset of hyperalgesia is inevitable ; since 
inactivated fibres cannot be excited or impulses generated 
in them, and that subsequent anesthetization of the crush 
does not abolish an already established hyperalgesia could 
be explained on the grounds given in the immediately 
preceding paragraph. The additional part played by 
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released “pain-producing” substance in reinforcing the 
“ injury' discharge ” may be mentioned but cannot be 
assessed, but if it is operative and involves a larger tcrritoiy' 
than that an^esthetizedj it would tend to add its influences to 
those of direct nerve injuiy'. In this connection, we may 
recall Trotter’s emphasis upon the “ naked ” and non- 
insulated character of the nerv'e-endings subserving pain 
sensibility, svhich would render them peculiarly responsive 
to chemical stimulants wilbtn the skin. 

In the case of the hyperalgesia ensuing upon nerve trunk 
faradization, the factors operative arc somewhat different. 
Here there is no local damage to cutaneous nerve-endings, 
but these ending receive a succession of impulses from above 
that may conceivably lead to the liberation at their endings 
of “ pain-producing ” substance. Whether this substance 
excites the endings mthoui injuring them, or whether it 
constitutes a trauma, we do not know, but it is an agent of 
a kind that we should expect to set up prolonged activity 
in pain nerve fibres. 

That blocking of the stimulated trunk above the spot 
stimulated should delay the onset of hyperalgesia b inevitable, 
since hyperalgesia requires for its appreciation an open 
pathway from skin to cerebral sensoiy centres. On the 
other hand, blocking of the nerve trunk below the spot 
faradized prev’cnts the downward passage of nerv-e impulses 
to the skin endings and the resulting liberation of 
" pain-producing ” substance. 

In short, there appears to be nothing in these observations 
that requires us to postulate the existence of a special set 
of cutaneous nerves. Woollard's observations pro\ide 
convincing evidence that the system of nerve fibres in 
question b that subserving cutaneous pain. 

Other sensory modalities also arise for consideration in 
connection with pain : namely, tickling and itching. As 
Blake Pritchard (1932) has pointed out, the word “ tickle ” 
embraces two sensations differing in quality and in mode 
of elicitation. There b the superfidal tickle that ensues 
when a hair or cotton fibre rubs along the thin skin of the 
lip or entry of the nostrils, and the deep tickle that follows 
firm pressure rvith the fingers do-wn the sides of the chest or 
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in tlic axillx. Superficial tickle requires a rapid sequence 
of discrete stimuli to tactile receptors, and in many regions 
of the body a wisp of cotton-wool drawn very lightly over 
the skin will elicit it. Pritchard has found that this sensation 
is abolished in cases of spinal cord lesion, e.g., syringomelia, 
where cutaneous pain is abolished and light touch intact. On 
the other hand, when there is an intcmsification of cutaneous 
pain, t.g., over the distal parts of the limbs in some eases 
of polyneuritis, he found superficial tickle Intensified. 

This suggests that tickle is a compound of touch and 
pain, or, as Pritchard believes, a minimal expression of 
pure pain, produced by the summation of a series of sub- 
liminal stimuli. The presence of an accessory fibre in each 
hair follicle, where it probably subserves pain, may have 
significance in this connection. Itching is probably also a 
variant of pain sensibility. 

There arc other problems of persisting pain following 
lesions of peripheral nen'es that as yet have not found 
elucidation. Perhaps the phenomena of causalgia is the 
most striking of these. Thcyjnay find their solution in the 
light of what we know of injury discharges in sensory ncn'cs, 
and of the dlflerential response to injury of the fibres 
subscTNang the various modes of sensibility. 

In the category of spinal reflex reactions, Sherrington 
has spoken of what he calls “ prepotent " reflexes : reactions 
that obtain control of the reflex paths and effector organs 
wiicn tiicsc arc played upon by multiple peripheral stimuli 
of different orders. Such a reaction is the nociceptive 
flexion reflex. In pain we may have on the sensory side a 
“ prepotent ” mode of sensibility, one that from its biological 
function has come to assume the dominating influence it 
has upon the sensorium. Just as its threshold is that 
appropriate to its function, so the sensory quality of pain 
is also appropriate to its end. Thus, wc do not need to 
think of pain — as ^ve experience it — as characterized by 
being a response disproportionate to the stimulus that excites 
it. Both threshold and response are, in fact, adapted to the 
role pain plaj'S in the life of the organbm. In short, pain 
is not the striking exception wc ofren regard it as being to 
the rules that characterize other modes of sensory function, 
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VIII. — Some PROBLExrs of Tactile SENsiBiLm' 

In Head’s hypothesis the localization of all modes of 
cutaneous stimuli is especially associated with tactile sensi- 
bility. As a component of his epicritic system it was a 
function of touch to correct the erroneous localization of 
painful and protopathic thermal sensations and to impart 
correct localization to them. How this was achieved was not 
described, but even for those who no longer subscribe to 
Head’s hypothesis, the notion of touch as a peculiarly 
localizing mode of sensibility has lingered. 

Thus, Blake Pritchard (1931) regards light touch (or 
light pressure, as he calls it) as being primarily and essentially 
a localizing function, which together with proprioceptive 
postural sensibilit)’ mediates spatial perception and dis- 
crimination. He bases this conclusion both on theoretical 
considerations and upon an e.xpcriment in which he used 
radiant heat as a stimulus. He did this to avoid that 
deformation of the skin which under normal conditions 
necessarily tn'okes tactile sensations. He used a heated 
platinum loop and believed that he was stimulating “ heat 
spots ” only, and whereas, using von Frey’s hairs as a tactile 
stimulus he obtained an average error of 0*5 cm., svith the 
heated loop there svas an average error of over 1 cm. Lewis 
repeated this experiment, using a beam of light focussed 
upon the skin so as to cover an area of 4 to 5 mm. in 
diameter and there developing a temperature of 38® or 
39'’ C. Pritchard made no slan temperature estimations, 
so that whether he was stimulating heat spots alone or also 
pain spots cannot be stated. Lm^is obtained an average 
error of i cm. or less. Using a needle prick, Le%\'is found aa 
error of less than i cm. ^Voollard’s observations with 
needle prick are comparable with Lewis’s. He found that 
tAVO successive stimuli can be recognized as haring been 
applied at different sites at a distance of i cm. on the fore- 
arm, 0'5 cm. on the palm and i mm. on the finger tips. 
It is true that in the last-mentioned experiments tactile 
sensibility was present, but they appear to indicate that its 
presence had no influence in increasing the accurac)' of 
localization of painful stimuli. 
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Tactile sensibility is essentially a form of pressure sense, 
since deformation of the skin is the adequate stimiUus to its 
receptors. Even the bending of a hair when the skin itself 
is not touched, involves defoimation of the tissue immediately 
surrounding the hair bulb. Yet it has sensory qualities 
that distinguish it from deep pressure. Trotter has described 
the " pat ” that constitutes a sensation of touch, and has 
said that introspcctivcly it can always be differentiated 
from the sensation aroused by continued pressure. Electrical 
analysis confirms this distinction, as Adrian and his co- 
workers have shown, and it may be concluded that the two 
sensory modes possess end-oigans and conducting fibres of 
specific function in each case. Stimulation of tactile receptors 
even when repeated at high frtajuency always yield dis- 
continuous sensations, while Increasing pressure yields a 
continuous sensation. 

Yet the stimulation of a touch spot by a von Frey hair, 
hotvever useful in the scientific investigation of sensibility, 
is the most artificial of stimuli when contpared with the 
normal stimulation of the body surface during the life of 
the organism. In these dreumstances receptors of both 
cutaneous and subcutaneous situation must be e.\citcd 
simultaneously and in sequence, and from the extent of the 
surface stimulated and the moving passage of stimuli across 
that surface, constellations of sensory impulses must arise 
and, reaching the.intcgradng centres together with impulses 
generated in proprioceptors, provide the material out of which 
the perception of spatial relationships b elaborated. It must 
also be remember^ that while during sensory investigations 
under the conditions of experiment the body surface is still 
and passive, during norma! actiWty it is a moving receptive 
surface that, as it were, goes out to meet cutaneous stimuli 
and thus receives the most complex combinations and 
permutations of sensory stimuli. The role of tactile, pressure 
and proprioceptive modes of sensibility is therefore far more 
complex than those of painful and thermal modes. 

IX. SuSlktARY 

In conclusion, lengthy a» thb review has been, ft has 
not been possible within its scope to deal adequately with 
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ever)’ aspect of the problem, or even to mention the 
contributions of all the numerous worhers who have added 
to our knowledge. Nc\’crlhcl«s, it is hoped that the salient 
features of the subject have been prcscntctl. 

From the many and diverse studies considered, certain 
conclusions seem to be emerging. The doctrine of specific 
ner\-e energy receives support from clinical, physiological 
and anatomical sources, but it is not the induidual impulse 
that shows specific qualities, but rather the entire sensor)’ 
pathway, for each mode of sensibility, along ivhich pass the 
streams of nen’e impulses, ll is specific in a physiological 
as well as in an anatomical sense ; specific in the mor- 
phology, selective excitability and other qualities of the 
end-organs : in the grouping together from peripheral 
origin to central destination of the fibres that carry the 
impulses for each sensory modality ; in the fibre t)’pes 
involved — and this in turn involves some specificity in the 
impulse potentials and in the conduction rates and excitability 
of the fibres : in the central excitatory states that modify 
each category’ of sensory impulse : and finally in the central 
destination of the impulses. 

The long-established wcw that there arc four primaiy' 
modes of cutaneous sensibility, touch, pain, cold and warmth, 
also receives consistent support. Head’s view that local 
sign in sensation and two-point discrimination are qualities 
inherent in the tactile impulse and are imposed by it on 
other modes of sensibility finds no sxipport, and is incom- 
patible >rith the results obtained in ciery field of research 
on sensory function. 

Further, yet another conception is becoming clearer, 
namely, that of the physiological unit of sensory reception. 
Sherrington has shown that the ph)'siological motor unit is 
the motor nerve cell and all the muscle fibres it supplies, 
some 150 or more. Reflex mo\’ement gradation is achieved 
by the fractionation of muscles into these groups. It seems 
that the unit of sensory function is similarly constituted t 
consisting of a posterior root fibre and all the end-organs 
(of a gi\-en mode of sensibility') that it innerv'ates. Such a 
unit may reach macroscopic proportions, being disposed 
in the sHn in area and in depth. Activation of a single 
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"spot” within this unit influences cn'cry other "spot within 
it. The unit’s complexity is reflexted in the fact that each 
group of end-organs (touch, pain, cold or warmth spots) 
receives its principal inncrv.'ition from no less than two nerse 
fibres, and that each individual end-organ receives ako an 
“ accessory ” innervation which appears to endow it with 
pain sensibility when supramaximally stimulated. Before this 
conception can be regarded as fully elucidated and confirmed 
much has yet to be learned, but it is one in harmony 
tvith what we know of the management of movement 
by the central nervous system. The view that end-organs 
have a selective excitability is reasonably established, and 
the accessory nerve supply of end-organs dears up some of 
the difRcuUy that this condusion has previously presented. 

Much of the obscurity surrounding the anatomy and 
physiology of the mechanism subserving pain has been 
removed by the work of Woollard and his pupils ; svork 
which constitutes one of the most striking advances in our 
knowledge of sensory function within recent years. When 
its biological implications are fully taken into account, and 
irrelevant standards of assessment abandoned, pain sensibility 
appears not to differ essentially from other modes of 
sensibility. 

Problems of localization and dkcrimination of sensory 
stimuli promise to receive a large measure of solution in the 
light of what we are learning of the nature of the physiological 
sensory unit, in which connection Tower’s observations arc 
of great significance. 

On the negative side, it is clear that Head’s theory of the 
morphological constitution of the afferent nervous system 
is invalid, and that Jackson’s doctrine of release of function 
has proved singularly disappointing as .a generalization of 
tlie observed facts of sensory loss from lesions of the ner\-ous 
system. Possibly, it simply awaits a more penetrating 
application to these facts than it has yet received. Head’s 
general theory is fatally handicapped by the attempted 
inclusion in it of a fallacious notion of the structure of the 
peripheral mechanisms of cutaneous sensibility. It attributes 
to simple conductors functions tliey cannot possibly subscr\'c, 
and succumbs to the danger that always besets abstract 
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thinking ; that of confusing thoughts witli things, of 
hyjjostatizing abstractions. Tliosc familiar with I'aber’s 
“ Nosography in Modem Internal Medicine” will recall 
how the progress of medical thought svas held up in tlic 
early years of the last century by the prevalence of abstract 
thinking and the false analogies it engendered. Further, 
Head’s theory embodies views on the evolution of structure 
and function in the nervous sy-stem that find neither internal 
nor axtcrnal corroboration, and arc indeed incompatible 
with all we know of this evolution. Nevertheless, svhen alt 
that is speculative and abstract is removed from Head’s 
contributions to this subject, there remains a most impressive 
body of observation tliat must have permanent value and 
will serve as the material for a more realist interpretation. 

Running as a recurrent theme through many of the 
writings on cutaneous sensibility we find a tendency, 
uniformly unfortunate in its results, to postulate anatomical 
structures without taking the steps necessary to establish 
whether or not they exist. Head’s protopalhic and epicritic 
fibres, Lcms’s nocifensor nerxes, and the hypothetical dual 
system of pain fibres for the conducting of the different 
sensory qualities of pain, all come to grief when they make 
contact with the hard facts of anatomy. Perhaps it is not 
the least of Woollard’s sciaiccs to science to have redressed 
the balance between anatomy and physiology in the study 
of sensory function. 

With the increasing range and complexity of experimental 
methods, workers in the different fields ine\itably show signs 
of isolation from each other’s thought and of a lack of sound 
orientation in the general field of sensory function. The 
mass of literature that the past few years has pro\ided has 
tended, also, to a neglect of the fundamentally important 
work on sensation of the closing years of the last century. 
The maximal exploitation of original observation in any 
single department of the genera! field can be attained only 
by those who are familiar with the results of research, old 
as well as new, in other departments. It is in connection 
with Trotter’s contributions that this reflection seems most 
pertinent. To anyone who is actively thinking on the 
problems of cutaneous sensibility they are full of stimulating 
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thought and of sane realism. Thus, liis surmise as to the 
basis of sensory hypoasthcsia, and his findings on the selective 
e.xcitability of nerve fibres foreshadow the svork of Woollard 
and the observations of the electro-physiologists. It seems 
likely, also, that his viesvs on the insulation of the nervous 
system and on the peculiar structure of the pain nerve- 
endings may throw light on the abnormal patterns of 
innervation and the abnormal subjective sensory symptoms 
(r.g., causalgia) that may ensue upon peripheral nerve 
lesions. 

We have become too prone to regard the nervous system 
as a kind of ideal structure immune from the pathological 
reactions to damage that all other somatic tissues show, and 
thus as giving us a licence to speculative and abstract thinking 
about it that wc would be tvary of in respect of any other 
tissue. 
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Chapter II 


The Giant Cells of BetZj the Motor Cortex 
and the tyramidal Tract 
, I, — Introduction 

“ There it, terhapi, no nhjett >n thjtioUgy of greater importanee and 
ffnrra{ (ncDt iKefunetioni of the brain, and (here art feta uhick puimt 

to experimental ineetligatton tonthlietu of greater tntriea^ emd tompUxi^. 

Ao one uho has atlenticelj studied the results of the labours of the numerous 
ineestigatots in this ftld eon help being struck by the want of harmony, and 
ecen positise antradietions, etmong the toiulusions whith apparently the same 
txpenmtntsand the same foetshait ted to isi different hands. And ishen seemingly 
utll-established facts of ejpenmentatioa on the beams of biter animals are 
compared mOi Utose of elinieat obsmatbn and morbid anatomy in man, the 
discord betsieen them is frequently so great as to lead many la ike otnnion that 
physiobgicel tneesHgation is little calcubted to throw true light on tfie fiaictions 
of human brain. These discttpasiciei appear {csi unatminlable when the 
methods qf experimentalton end the subjects ef eeperiment ere taken inta 
nnsideration ." — Fzarjzr, Introduction to ** Tte Fuactiom of the 
Brain, " Second Edition, i8S6. 

When Holmes and Page May (1909) undertook their 
investigation of the exact origin of the pyramidal tract, 
they recorded that “ little or no precise information can be 
obtained on the origin of the pyramidal tract in e\’cn the 
later editions of the most authoritative textbooks on the 
anatomy of the nervous system.” 

By making use of the reactionary chromatolysis (retro- 
grade degeneration, reaction a distance) and the subsequent 
changes which occur in ncr>e cells after division of their 
axoncs, they sought to determine the cortical cells which 
reacted thus after section of the corticospinal tract in the 
upper cervical region of the spinal cord, and might be 
considered therefore as the celk of origin of this tract. They 
performed hemi-section of the cord at the level of the fint 
cervical segment in the cat, dog, lemur, macaque and 
chimpanzee, and these animab were sacrificed at periods 
ran^ng 3rom hve to 157 days suDsequenfiy, fne cere’ora’i 
cortex being then stained by the Nissl method and examined 
for cell changes. In addition, two human cases of severe 
traumatic lesion of the lower cervical cord were similarly 
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histologically studied. In these circumstances they found 
the reactionary cell changes confined solely to the giant 
cells of Betz in the paracentral lobule and in the upper part 
of the ascending frontal (precentral) convolution, and they 
concluded that these cells are the sole source of the pyraraidjJ 
fibres. To this conclusion, they added some inferences that 
did not arise directly from their studies, namely, that the 
Betz-ccU-bcaring area of the cortex corresponds to the 
excitable motor cortex, and that both arc co-extensive ^v^th 
Brodmann’s area 4 of the frontal cortex. 

If the method of reactionary chromatolysis be a valid 
one for this purpose, that is, if we may assume that all the 
cells giving rke to pyramidal fibres undergo this reactionary 
change when the corticospinal tract is divided, then it 
seems that we mxist accept the view that the Betz cells alone 
give rise to this tract. In fact, this view has been very svidely 
accepted up to the present time. 

Levin and Bradford (1938) have repeated these experi- 
ments in the macaque with almost identical results. TTicy 
find retrograde degeneration in 81 per cent, of the Betz 
cells of area 4, and also in some of the " ordinary large 
pyramidal cells " of this area. Adjacent to degenerated 
cells were to be seen cells of fairly normal appearance. Tlie 
authors point out that (he smaller Betz cells arc not always 
readily distinguishable from the large pyramidal cells, and 
express the vic^v (hat “Betz cell ” might be used as a term 
to include all cortical cells of whatever iind that send 
axoncs to the spinal cord. They believe that about 20 per 
cent, of pyramidal fibres arise from Brodmann’s postcentral 
areas, 3, i, 2, 5, and estimate the total number of cells of 
origin of the pyramidal tract in jTwacus as about 31,000, of 
which some 6,000 arc postcentrally situated. This last 
group presumably corresponds to the giant cells of the fifth 
layer of the postcentr^ convolution in man, forming 
Economo and Koskiiias’s (1925) area giganlopyramidalis 
poslcenlralis. 

This contribution provides an inkling of some of the 
difilculties that beset the attempt to attribute to the Betz 
cells the sole origin of the pyramidal tract ; namely, the 
uncertainties inherent in the identification of the cells so 
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named. If our application of the title “ giant cell ” lacks 
precision or a generally acceptetl standard, then for us to 
assert that these cells alone give rise to the p)Tamidnl tract 
is not to solve the problem of the origin of this tract, but to 
leave it still an open question. Indeed, our conception of 
the Betz cell is the entx, not only of thb problem, but of 
scN'cral others of equal importance. 

A study of the relevant literature shosvs, in fact, that the 
attribution to the Betz cells of the sole origin of the pyramidal 
tract is full of difficulties and unsolved questions. Some of 
these have long been apparent, but others have only recently 
come to light. Of the latter there is the striking discrepancy 
between the estimated totals of Betz cells in a single hemi- 
sphere (Campbell, 1905; Levin and Bradford, 1938; 
I^ssek, 1940), and the total number of pyramidal fibres 
(Lassek, 1939, 1940, 1941 (<z) and (b), 1942), The ratio 
between cells and fibres is as i : 40. 

Difiicultics of a physiological order have long been 
obrious, though of late years quite ignored. Thus, Horsley 
(1909), in his Linacre lecture, pointed out (in a passage 
cited on page 109 of this review) that in that part of the 
precentral convolution wherein are represented the move- 
ments of the head, of facial e.xpression, of deglutition and of 
articulate speech, there b a \irtual absence of Betz celb. 
Even earlier, Campbell (1905), the pioneer of cortical 
cytoarchitectonics, had drawn attention to the absence of 
“ true giant celb ” in thb region, though he had noted the 
presence of “ scattered nests of large p^Tamidal celb, which 
differ from tliose common to the whole precentral cortex 
in being more attenuated and in haring longer processes 
and larger and more dbtinct chromophilic elements.” 

Even in the region wherein hand and digit movements 
are represented, the Betz celb arc relatively scanty (as 
Figs. 9 and 14 reveal), though thb region of representation 
b an extensive one. In all these circumstances it becomes 
difficult to credit the Betz celb with the exclusive origin of 
the corticospinal and corticobulbar fibres. 

Thb mention of corticobulbar fibres, made by Horsley, 
draws attention to the fact that experimental section of the 
cer\ical cord can give rise to reactionary chromatolysis only 
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in that part of the precentra! convolution in which move- 
ments of the limbs and trunk are represented. Yet the 
motor cortex must be taken to include the representation 
of the other movements enumerated by Horsley, a representa- 
tion which is of the same physiological order as that of the 
movement of the limbs and trunk. The projection fibres 
from this representation run to motor nerve nuclei in mid- 
brain, pons and medulla, and therefore it is essentially the 
relation of the Beta cell to what the clinical neurologist 
speaks of as the upper motor neurone that is in question. 

Horsley’s pertinent comment, to which attention ^vas 
drawn in £ratn by the present tvriter in 1935, attracted 
no attention, and this also has so far been the fate of the 
more fully reasoned objections on the same lines formulated 
by Economo and Koskinas in their important study of 
the cytoarchitcctonics of the human cerebral cortex (1925). 
These authors draw attention to the fact, amply demon- 
strated by them, that the Betz cells are largest and most 
numerous where the extremely limited repertoire of simple 
movements of the muscles of the pelvis, perineum and lower 
limb arc represented, but fewest and smallest where the fine 
but highly co-ordinated movements of the face and mouth, 
including those of articulate speech, arc represented on the 
precentral convolution. The region representing hand and 
finger movements occupies the mean between these extremes, 
and they regard these facts as making it appear highly 
improbable that the Betz cells arc the sole cells of origin of 
the corticospinal (and cordcobulbar) fibres. 

It becomes clear, then, that w need the prcciscst possible 
norion as to what constitutes a Betz cell before we can 
usefully consider its relation to the upper motor neurone, or 
say svhat r61e this cell plays in the formation and functions 
of the motor cortex. We must know svhether the Betz cell 
is a specific morphological entity with functions peculiar to 
it, or whether it is simply the largest member of the large 
family of pyramidal cells. Involved in all these questions 
is the further one, at present a somewhat controversial 
question, as to what we refer to when we speak of the motor 
cortex. In the ensuing pages it is proposed to discuss tliese 
questions. 
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II. — The Giant Cells of Betz and other pYRAiiiDAL 
Celi^ of Areas FA and FB 
(i) Size and Appearances 

“ DU fhisioUpt hat auf alien Cthuten ihr sUhersUs Fimdamenl in d/r 
AnalomU. ner piysiologiiche LakalUalionsarheil UisUn will, wirJ dah/r . 
sejaert Fofsehitngen die Ergebrdut dtt hisloloeischen Lakalitallort zugnaide \ 
legen muisen. Und mil mekr Rethl aU je darf hente aa das nm Altmeister der 1 
Himforschxmg, Bernard Cudden, schon tw dra Ja/trgehnten gegnulber einem 
evtseidgen aid grJahrlUhrn ^tiipaSions-spezoalUtentan gesproehene U’orl 
erinnert tcerden / 'tnr riner ftcet/ellat beicUsewn anatomixhen TaUaeke 
cfflUrl jedei phjnologische Bistdlal, teelehes mit derselien in W’idersprueh 
sUhl, seine Bediuttmg. . . , ^ttenS also AnaJamte aid dam PhjriologU, 
wem aber amsS P/iftielagU, dam mehl ahne AnaSomu.”~BnocnLMis, 

" Verglcichcnde Lokaliutiorulchre dcr Gronhirnrindc,’’ 1909. 

Gudden’s aphorism is very pertinent to our present rev'iew 
of the available facts of anatomy concerning the Betz cell 
in view of the edifice of hypothesis that has been built 
round the assumption that this cell alone gives rise to the 
p)Tamidal and corticobulbar fibres, and that it alone is the 
significant cell of the motor corte-s:. 

In thb chapter there arc two anatomical questions to 
be considered, namely, that of cell types in the relesant 
cortical region, and that of their grouping and distribution 
therein. The last study is that now kno^vn as cyto- 
architectonics. Our sources include the studies of Campbell 
(1905), Brodmann (1909), Economo and Koskinas (1925) 
and Conel (1939, 1942). Reference must also be made to 
the work of C. and O. Vogt (19x9) because, though this 
conflicts with that of all the other authorities named, it has 
been made the basis of recent expcriracnial cortical physiolog)’ 
on the motor and so-called ” premotor ” cortex. 

Not only have the various types of nerv-e cell in the cortex 
been described and classified, but these obsen-’crs have also 
described the lamination of the cortex and its local variations. 
Brodmann dmded the cerebral cortex into regions, and each 
of these into areas. The region wth which ^ve are concerned 
is kno\s’n as the regio pracentralis, and it has been divided, 
on the basis of cellular and laminar peculiarities, into tivo 
areas. For these, each authority has coined his o\\'n nomen- 
clature, and as it is necessary to use them all on occasion, 
they are given here. They are ; — 

i. The area immediately anterior to the fissure of 
Rolando : 
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Campbell’s Area prcccntralis. 

Brodmann’s Area 4. 

Economo and KosUnas’s Area FA (including FAy). 

C. and O. Vogt’s Area4 (subdivided into a, b and c). 

2. The area lying anterior to the preceding : 

Campbell’s Area precentralis intermedia. 

Brodmann’s Area 6. 

Economo and Koskinas’s Area FB. 

C. and O. Vogt’s Area 6 (subdivided into 5 sub« 
areas). 

Together these two areas make up the agranular frontal 
cortex, so called because within it the two granular layers, 
II and IV of the cortex, are vortually absent. From the 
layers II to V inclusive the nerve cells are all of pyramidal 
type, and the cortex here is said to have undergone 
" pyramidization.” Fig. 5 gives these two areas as delimited 
by Campbell, by Brodmann and by Economo and Koskinas. 
Foerster has also drawn up a map of cortical areas for man, 
but this is not based on direct histological study and is 
simply a copy of tlie cortical areal map of ctnopilhtm, 
dratvn up by C. and O. Vogt, adapted to a diagram of the 
human cerebral cortex. 

Before proceeding to a detailed description of the cell 
types and cell arrangements in areas 4 and 6, we may make 
the general statement that in these areas we find very 
numerous pyramidal cells covering a wide dimensional 
range from the smallest pyramidal cells at one extreme to 
the so-called giant cells of Betz at the other. These have 
been classified into a number of types, which tend to overlap 
dimensionally. Thus the smallest Betz cells are no larger 
than the largest of tlic “ large ordinary pyramidal cells.” 
This last fact suggests that size alone can hardly be a wholly 
satisfactory criterion of identity for the Betz cell, and when 
we come to examine the dimensional standards given by the 
numerous histologists who have studied the Betz cells wc 
find that they vary very widely, and give the impression 
that the identification of the cdl commonly so named, and 
known alternatively as the giant cell, must be a far less simple 
matter than is commonly assumed. 
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Economo (1929) states that all pyramidal cells larger 
than 50 by 25 are to he called giant cells, and records 
that pyramidal cells of 65 by 30/* are to be found in layer 
IIIc of area FB, while in the one-month child Gonel finds 
cells of 37 by 12 /t in layer V of the same area. 

We may ask whether these varying criteria merely 
reflect the individual differences that arc known to obtain, 
or whether they express actual difficulties in identification, 
or rather in differentiation from other large pyramidal 
cells. As will appear there can be no doubt that the latter 
factor plays a large part in tliese differences of standard. 
In the adult these figures give an extreme range of size for 
Betz cells from small cells of 30 to 12 ft to large cells of 
120 by 60 fi. They reveal how loose is the appellation 
“ giant cell ’* and what an exa^crated impression of the 
distinct individuality of tlus cell it conveys. 

Size, then being plainly a very unsatisfactory criterion of 
jdentity, we turn to the microscopic appearance of the Betz 
cells as revealed by Nisst staining, or by silver-impregnation 
methods that reveal the silhouette of the cell body and 
processes. Even here we do not find any absolute criterion 
of difference between Betz cells and the largest pyramidal cells. 

We find the most exhaustive comparative study of 
pyramidal cells of all types in the human cerebral cortex 
in the investigations of Economo and Koskinas, who give 
two standards of classification : one purely in the matter of 
the shape of the cell body, the other bas^ upon Nissl and 
silver appearances. 

(i) According (0 Form. — In this grouping the ratio H ? is 
adopted, where H is the height and B the breadth at the base. 

(a) H I is as I : I " plattgcdrUckte Pyramidenzellen.” 

(ft) H f is as 2 : 1 flachdreieckige Pyramidenzellen.” 

’ (f) H I is as 3 : I “ mittelschlanke Pyramidenzellen.” 

(d) H ? is as 4 : 1 “ schlanke Pyramidenzellen.” 

(<) H § is as 5 : 1 “ flbcrschlankc Pyramidenzellen.” 

Of greater interest in our present connection is the 
second grouping : — 

(ii) According to Appearances in Stained Sections : 
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(n) Small pyramidal ce!b fx. With a small 

' 7 to lo 

oval nucleus and a single satellite cell. 

(A) Middle-sized Pyramidal cells S = — y.. With a 
' “ 10 to 20 

round nucleus near the base, nucleolus and one or tu’o 
satellite cells. 

(c) Large pyramidal cells g y. ^Vith a large 

clear nucleus, a dark nucleolus and two or' three satellite cells. 

(rf) Ginal «l{j Ritittippamiden” vr " tinfatht Riesen- 
pyramidenzellen — ^Tbis categor>', not found elsewhere than 
in Economo and Koskinas’s work, is scarcely larger than 

the preceding one, \'iz., " These cells, howev’cr, 

are more massively buUt, and have a cytoplasm, in which 
marked Nissl granules arc seen. The nucleus is in the centre 
of the cell and the nucleolus is large. Of these simple giant 
cells the authors observe “ Es ist oft schwer zu sagen, tvas 
man noch als Riesenzclle zu bczeichnen hat, weil sich alle 
Ubergange von der einen zu der anderen Art vertreten 
finden,” and again “ Im Einzdfalle oft schwer is to untcr- 
scheiden, zu welcher Gruppe das einzelne Individuum 
gchort, da alls moglichen Ubergansstufen zu finden sind.” 

It is noteworthy that these cells are to be found in all 
parts of area FA in layers IIIc and V. 

(r) Betz giant cells (“ Belzsche Riesenpyramiden "or'* Kolossal- 
Zfllen ”). — These include the laigest nerv’C cells in the entire 
cerebral cortex, but the smaller members of the group are 
no larger than cells of the two preceding categories. They 

H 6 o to 120 , , j- * 

range in size from g=- — — ^ ft, though according to 

other writers, cells of c\'en smaller dimensions are named 
Betz cells. These cells have a t^'pically tall build, and in 
outline vary' somewhat, being described as pyramidal, 
pyriform or like a burgundy bottle On the buri^ surface 
of the precentral convolution where they lie in the fissure of 
Rolando, they tend to be less well-formed, and distorted in 
outline. They lie almost exclusively in layer V, though 
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occasional specimens are to be seen “ dislozicrt ” in layers 
IV and IIIc. They are confined to area TAy. Their 
dendrites are stout and knotted in appearance, so that by 
silver impregnation methods the cell and its processes 
resemble a tree witli roots and branches. This appearance 
is beautifully illustrated in Fig. 6, taken from Conel’s atlas 
of the cortex in the one-month child. The cell body contains 
numerous large Nbsl granules (from 4 to 6 ^ in diameter) 
and stains darkly, so that in stained sections tlie cells can 
be seen as darker. spots to the naked eye. The nucleus is 
a clear bladder-like structure of some 25 fi diameter, and 
contains a dark nucleolus that may measure from 4 to 7 
in diameter. From 5 to 6 satellite cells accompany cadi 
Betz cell. Lying in close proximity to these cells are very 
numerous simple giant cells and large pyramidal cells, and 
speaking of them Economo and Koskioas say : “ Naturlidi 
finden sich alle tjbergangc in GrCssc and Form von diesen 
Ricsenpyntmiden elnerseits zu den Betzschen Kolossalzellen, 
andcrerseits, vdedcr nach ruckwSrts zu den gcivShnlichen 
grossen Pyramtdcnzcllcn.” Betz cells arc found in small 
nests of from 3 to 8, and these together form larger aggrega- 
tions, as Betz ({874), Sevan Lewis (1878) and Campbell 
(1905) have all not^. Thus, even within area FAy they 
do not form a continuous field. 

From this classification it appears that Economo and 
Koskinas hzve felt it necessary to formulate two categories 
of giant cell, differing not qualitatively, but in degree of 
size, massiveness of form, size and abundance of Nissl 
granules, and in stoutness of processes. The larger group 
(Betz cells) arc said to be restricted to area FAy and to 
layer V, the simple giant cclb arc found over the whole 
of area FA, and in two cortical layers, IHc and V. In the 
former layer they arc also found at the hinder ends of the 
frontal convolutions where areas FA and FB meet. 

Classification thus provides us tvith three categories of 
large pyramidal cell ; Betz cell, simple giant cell and large 
pyramidal cell, but it seems dear that every possible transition 
form between the members of this conventional grouping is 
to be seen, not only in the adult cortex as reported by 
Economo -and Koskinas, but also in the infant cortex as 
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recorded by Conel (1942). At one extreme we have the 
Betz cell with its numerous large Nissl granules, at the other 
tlie slenderer large pyramidal cdl which only exceptionally 
contains distinct Nissl granules, but the series is continuous, 
and we can no longer accord the Betz cell the exclusive 
position we have hitherto given it as a specific entity ^vith 
functions exclusive to itself. The Betz cell b no more than 
the largest and most masdvc member of the large group of 
pyramidal cells. This is, indeed, the conclusion to which 
Economo and Koskinas arrive, and they state that “ diese- 
verschiedene Zellen also nicht anderes ais durch ihre Grosse 
unterschiedene Individuen cin und derselben Zdlart sind ” 
(page 290). • 

For purposes of description, classification is necessary, 
but having once made our groups, we arc too ready to assume 
that >^e have discovered essential qualitative distinctions 
that may have no reality in nature. It may be suggested 
that this has been the case with tlic giant cdl of Betz, 
and the Russian histologist could have chosen no more 
striking word than “ giant ” — svith its emotive background 
of nursery mythology^to impress us with a sense of the 
exclusiveness of the cdl he so described, and to perpetuate 
that impression despite the accumulating wdght of evidence 
that it has no real foundation in nature. 

(2) Dhtribulion in Areas FA and FB 

If the irucroscopic study of stained pyramidal cdls has 
failed to establish the specificity of the Betz cdl, it remains 
to be seen whether the distribution of this cdl within the 
cortex confers exdusive qualities upon it. If for the moment 
we exclude from consideration large pyramidal cdls and 
simple giant cells that, as seen in Nissl stained sections, 
may present dilHculties in dasrification, there remains a 
considerable group of what all would regard as Betz cdb. 
Tliese are the larger members of the group so named. In 
man, thee are found only within that posterior part of area 
FA that Economo and Koskinas call FAy or the area giganto- 
pyramidalis precenUatis. 

The limits of this area arc fully depicted in Fig. 7, svhich 
is made up of Figs. 133a and 1334 of Economo and Koskinas 
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superimposed. The figure also gives the limits of the whole 
area FA. It will be seen that at the lc\'el of the third frontal 
convolution the Betz cell distribution has sunk entirely into 
the depths of the fissure of Rolando. The lower limit of 
Betz cell distribution is reached at a distance of from 2 to 
4 cm. above the fissure of Sylvius. 



Ectmotno and Kosklnas’* Fig. >330, with the hmiu of areas FA 
and FAy superimpoeed &om Fig. 1336 (Cconomo and Koskmas. 
p. 523). Ine paracentral lobule is represented as though in the 
same plane as the convexity of the hemisphere, and the mesiat 
fissure is represented by a dotted line and the word 
“ Mantelkante,” The fissure of Rolando is opened so as to show 
its floor. Area FA is demarcated by an interrupted line, and 
the anterior limit of area FAy by a dotted line. 

It might easily be concluded from the linear boundaries 
given to the Betz cell distribution that these boundaries were 
clear-cut and unequivocal. TTiis is undoubtedly true of 
the posterior boundary which lies almost at the bottom of 
the fissure of Rolando, some 2 mm. from its floor and on the 
anterior wall of the fissure. The limits of these cells on the 
mesial aspect of the hemisphere in the paracentral lobule 
are also fairly clear, but the anterior border of the Betz-cell- 
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bearing area is quite another matter. As we trace the 
Betz cells fonvards from the fissure of Rolando towards the 
anterior border of area FAy, they dimmish progressively in 
size and their differentiation from simple giant cells and 
from some large pyraimdal cells becomes increasingly 
difficult. Tlie simple giant cells are found over the whole of 
area FA in layers IIIc and V. The anterior border of 
Betz cell distribution is a sharp one only if we take the most 
anterior cell we detect in a section and call that a sharp 
border, but if W'C take the field of Betz cells as a whole there 
is no such border. In the one-month child Cond confirms 
the transitional passage from Betz-cell-bcaring to Betz«ccll- 
frec areas. He says the decrease in cell size “ is so gradual 
tliat there is no abrupt boundary between Betz cells and the 
extra large pyramidal cells in layer V, so that it is impossible 
to say where the giant pyramidal cells end and the extra large 
pyramidal cells begin. . . . The ceils and their dendrites 
p'adually decrease in size towards the anterior wall of 
gyrus centralis anterior, but even here some of them are as 
large as the largest cells in the posterior wall of the gyrus. 
On the basis of cell size it is difficult to say where area 
FAy ends and FA begins ” (p. 12). 

Again, “ there is no abrupt change from giant cells to 
extra jarge pyramidal cells, therefore it is impossible to say 
where the one type ends and the other begins” (p. 17). 
In short, the anterior limits of the Bctz-ccU-bearing area do 
not admit of linear or precise definition. 

Economo and Koskinas’s placing of the anterior fringe 
of Area FA forwards of that of FAy is explained by the fact 
that they have delimited their cortical area, not in respect 
of a single cellular element, but in respect of the 
“ Gesamtbild ” of the area ; that is, of all the features of 
all the cortical layers. Comparison shows that their area 
FA is slightly more extensive than Brodmann’s area 4, an 
indication that cortical map-making is not an exact process 
but a matter of broad distinctions and approximate estimates. 

Within the generally accepted area of their distribution 
the arrangement of the Betz cdls present certain charac- 
teristic features. In a recent study, Lassck (1940) finds that 
in an estimated total of 34,000 in a single hemisphere, 75 
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LARGE PYRAMIDAL 0ETZ CELLS 
CELLS 


Fic. 8 

Drawings of Betz cells and large pyramidal ceils in layer V of area FA and 
area FB. The cells are all placed within a conventional scheme that represents 
the fissure of Rolando, the paracentral lobule and precentral gyrus. Fi, Fa and 
F3 represent the three frontal gyri, and the cells are placed according to their 
actual position in the cortac. The diagram shows the diminishing size of the 
cells as we pass from the upper to the lower part of the cortical surface. These 
cell drawings are i^m Cond’s (Vd. II) Rgs. iB, 22, 26, 30, 34, 36 and 42. 
They reveal the large dimensions of the large pyramidal cells of the pmterior 
part of area FB and their general resemblance in form and proportions to 
the giant cells of area FAy. 
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per cent, are to be fotind in the medial third of the 
Betz-ccll-bcaring area, 1 7 •<) per cent, in the middle third, and 
only G'6 per cent, in tlic lower third (see Fig. 14). Also, 
of the total, not less than 82 per cent, arc buried in the 



Rtf/roduted hy arxsngment u.ith the Caintridge Umc*rnlj Pieis from Campitiri 
“ HiitologUal Siiiditi «n (/W LeceUuiUon of CrTtiral Funciwi." 

Fig. 9 

Campbell’i Plate IX. It Slustrata the dbmbutioa of the giant cells of Betz, 
which in the cortical map axe marked by dots, and by dots also in the sections 
of the cortex, vhich arc numbered in correspondence Ssith the map. It will 
be seen that the majority cf Betz ccQs lie in the anterior wall of the fissure of 
Rolando. In the original plate the ntuation of cellular changes associated 
svith tabes dorsalis in the postcentral gyms was Indicated by crosses. These 
bas'c been deleted as not relevant, and for the sale of clarity. 




anterior ^vall of the fissure of Rolando, only i8 per cent, 
lying on the free surface of the convolution. Other 
numerical estimates of these cells arc Campbell’s of 25,000 
for man, and Levin and Bradford’s of 31,000 for macacus, 
of svhich they find G,ooo in the postcentral convolution. 
From what has been said of the diificuJties inherent in a 
precise identification of the Betz cell, these estimates must 
present a considerable margin of potential error. It has 
already been mentioned tliat the largest Betz cells are found 
in the paracentral lobule, the smallest at the anterior fringe 
of their distribution and in the lower end of the precentral 
convolution : that is, where they are largest they arc most 
numerous, least numerous where they are smallest. 

Reference lias been made to the grouping of Betz cells, 
and in view of the suggested identification of the Betz«cell' 
bearing area wth the " motor cortex ” it is interesting to 
note that, while the latter is a continuous region with no 
constant silent areas within it, the Betz cell is not distributed 
in a continuous layer, but in a number of groups between 
whicli lie Bet2*cell-barren areas. These groups have been 
described by Campbell as follows : (s) nests of enormous 
Betz cells In the posterior two*thirds of the paracentral 
lobule ; (i) dense clusters of cells at the broad upper 
c-xtremity of the precentral gyrus just lateral to the border 
of tlic hemisphere ; (c) cell clusters on the free surface of the 
gyrus at the posterior end of the first frontal gyrus ; (d) cell 
clusters at the level of the superior genu of the fissure of 
Rolando ; (e) smaller cell clusters immediately below the 
genu. That is the lowest important and constant group, 
but, lower, two smaller and variable groups may be found. 
Between groups (d) and (tf) is an area constantly barren of 
Betz cells at the level of the anncctant gyrus of tlic fissure of 
Rolando. Campbell’s Plate IX, here reproduced, shows the 
total distribution of Betz ceUs on the cortical surface and in 
sections of the precentral gyrus (Fig. 9). 

When we come to consider the distribution of the simple 
giant cells and of the large pyramidal cells, we find that while 
the superior and posterior limits of this are the same as for 
the Betz cells, the anterior and lower limits extend over a 
larger area. Simple giant cells are found o\’er the entire 
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area FA and in layer JHc as wxU as in layer V. Economo 
and Koskinas say of them that “ war sprcchen aber solchc 
Zellcn trotzdem als RiesenzeWen an, ^venn did durch ihre 
unmittelbare Lagc zu den anderen kolossalen Betzschen 
Zcllen und durch ihre Obrigen Merkmalc sich als zu ihnen 
gehorig enveisen ...” (p. 63). Their arrangement in 
layer IIIc is not quite the same as it is in layer V, for while 
in the latter they tend to diminish in size as we follow them 
fonvards and down over the surface of the hemisphere, in 
layer IIIc they are largest at the meeting of areas FAy and 
FA, and even trespass on to area FB in the pars triangularis 
of the third frontal convolution {cf. Fig, it). 

The large pyramidal cells extend even further fonvards 
well into area FB, and in layer IIIc reach their largest 
dimensions in this area. Further, in layer V, the large 
pyramidals become more numerous at the lower part of 
area FAy, and they seem to substitute for the Betz cells 
which disappear here from the cortex. Economo and 
Koskinas state that ‘‘ dieses grossen und ganz grossen 
Pyramidenzellcn sind spcziell in der Gcgend des Handzen- 
trums und auch besonders in den ventralcn Tcilen der 
vordcren Zentralw indung in ausserordentlichen Anzahl und 
Grbsse vertreten, also gerade da, wo die Betzschen Riesen- 
zeilcn beinahe fehlcn. Dies legt den Gcdankcn nahe, dass 
hier rielleicht cine ganz bestimmic Beziehung ztrischen 
diesen Zcllen vcrschicdencr Grbsse bestehen konnte.” 
Bctucen these large pyramidals and the Betz cells they add, 
” alle moglichcn Gbeigange und Zudschenstufen ” arc to 
be found, and they deem it likely that while the Betz cells 
are functionally related to large and simple movements of 
trunk and lower limbs, the more numerous large pyramidals 
ser\-e a like role in respect of the small, finely co-ordinated 
movements of head and upper limbs. 

Prominent as are these large pyramidal cells in layer V 
of area FA, they are an even more striking feature of layer 
IIIc, of which in area FB they form the most characteristic 
feature. So ivell do they stain that in Nissl sections they can 
be seen by the naked eye in area FB as a dark line. They 
vary in size from 35 to 80 p tall and 20 to 30 broad at the 
base, and they really come svithin Economo and Koskinas’s 
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Drawipgs of large pyramidal edb in layer life ofareaFAy and area FB. Tliey 
ate arranged on (he same topographic plan as in Fig. 3, and arc taken A-nni 
the same dratvings in Conel's Vd. ll. It vnlt be seen tliat the large mTamidal 
cclU are larger in area FB than in the paracentral lobule ^nd area FAy. 

Standard of sire for simple giant c<dls. They arc the largest 
pyramidal cells in the cortex after the Betz cells- Their 
apical dendrites may he followed towards the surface of the 
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cortex for as far as from lOO to 120 fi, and as Economo and 
Koskinas’s figure shows (Figs, iia and mb below), they are 
largest at the hinder end of the first and second frontal 
convolutions. Definite NissI granules are only exceptionally 
seen in them, but they have a large, clear centrally situated 
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Economo and Koikinas’s Figi. 79 and 74 respectively. A represents ttic 
the distribution of giant celll in layer V. B represents the distribulion of the 
large pyramidal celts of greatest size in layer IIIc. 

nucleus, a deeply staining nucleolus and two or three satellite 
cells. As many as eighteen of these large cells may be seen 
in ©• \ of tissue, a greater auiaber than, we find ot 

Betz cells in the same-sized unit. 

It has been necessary to go into this detail concerning 
the various types of pyramidal cell in areas FA and FB to 
show that the facts in connection with them are far more 
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fcomplcx tlian ^ve may gather from the brief accounts 
commonly given. Both ai^s FA and FB are rich in large 
pyramidal cells. In layer V the size of these diminishes as 
wc trace them forwards, and as they become smaller they 
lose progressively the features \vc have learned to look for 
in the Betz cell, but the change is a progressive and not a 
sudden one. In layer IIIc (and to a lesser degree in Illb) 
tiic simple giant cells spread more %videly than in layer V 
and cover the whole of area FA, bat the large pyramidah 
tend to increase in size as wc pass from FA to FB, and 
reach their maximal dimenrions just over the border of the 
latter area, then again decreasing in size as we pass fonvard 
in the direction of FC. FA and FB diOer most obviously in 
the disappearance of Betz celk in the latter and in the great 
development of large pyramidal cells in layer III of FB. 
In brief, the resemblances between areas FA and FB arc 
greater than their differences and the border between them 
is characteristically lacking in sharpness, at least as far as 
layer V is concerned. It Is the “ Gesamtbild ” of each 
area that justifies it being regarded as distinct, and it is in 
virtue of the " Gesamtbild ” of area FA that Economo and 
Koskinas postulated an anterior Betz-celUfrcc part of area 
FA, the Bett-ccU-bearing part being IcDO\vn as FAy or the 
area gigantopyramidalis preccntralis. 

So far, we ha^’c discussed the human cortex only, but 
since apes of the genera emopilkecus and macaca arc largely 
used in the experimental physiology of this region, some 
reference to the cellular forms and cytoarchitcctonics of 
these animals Is necessary. Brodmnnn has provided areal 
maps and cell descriptions of these. In these animals there 
arc areas 4 and 6 homologous with those found in man, 
and together constifuling an agranular frontal cortex. 
Area 4, the Bctz-ccU-bearing area in these types is of svider 
extent than in man and covers the precentral convolution. 

It is not, liowevcr, sharply demarcated from the area (6) 
lying immediately anterior to it, and it is useful to cite 
Brodmann's account of this border. Thus, he says (1909, 
p. 135), “ Zicmlich unbestimmte und schwankend ist die 
oralc Grenze dcr Area gigantopyramidalis aid" der Kon- 
vexitat, da Feld 4 and 6 flicssend ineinander tlbcrgelien 
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und da namentlich vereinzeUe Betzsche Riesenzellen in 
‘ solitarer ’ Anordnung bald mehr bald weiniger weit 
oralwarts zerstreut liegen, so dass die Festlcgung der 
Ubergangslinie rein snbjektiv ist und nur aus zahlreichen 
Individualgehimen gestimmt werden kann.” 

The map of cortical areas ia cercopUhectu that \vc owe to 
C. and O. Vogt presents a difficult problem of assessment, 
for it differs in essential characters from the cortical maps 
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A represents Mauis’ tD)eJoar<lntectonic map of ctrc^ptthtaiS, 

B is Brodmann's cytoarchitcctonic map of the same t>pc, and 
C is the Vogts’ map for the same t>T)e. 

of all other obser\'eis, both of monke)^ and of man. 
^Vhercas there is general agreement that cortical areas 
with few exceptions are not sharply separated, but merge 
into one another, and that each component cortical layer 
tends to have its own transition fringe, the Vogts maintain 
categorically that all cordcal areas are typically separated 
by “ haarscharf Trennungslinicn,” that each area, physio- 
logically considered, is equally sharply differentiated in 
respect of its functions, and that the dividing lines tend to 
he regular. For them the cortex is built on a chessboard or 
mosaic plan, both anatomically and physiologically. 
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superior and posterior limits, but at the anterior limits 
varying in extent, smallest in tlic case of the Betz cells, 
slightly larger for the simple giant cells, but largest for the 
large ordinary pyramidal cells. These anterior limits arc 
no\vherc sharp for any of the tlirce categories, Betz cells 
passing gradually into simple ^ant cells, and these into large 
pyramid als. 

IVilMn fkis general field of pjrmUal cells of layer V, covering 
area FA and the adjacent posterior part of FB il is diffcuU to 
delect any inner dividing border sedating qualitatively distinct 
components. 

We have seen that the cortical areal map, such as tliat 
of Economo and Koskinas, is based expressly upon the 
" Gcsamibildcr ” of the areas it depicts. Within a given 
area, as these authors point out, each layer undergoes its 
own variations independently of those of the remaining 
layers. Thus one layer may extend unchanged into an 
adjacent area, svhile another undergoes considerable change 
within the limits of a single area. The areal map is therefore 
a composite affair. It strikes an average, as it were, beriveen 
the competing claims of each of the six layers for rq>rcscnta- 
tion. // does not, therefore, strictly speaking, represent strveture 
with anatomical precision. \^^en we come to equate a cortical 
physiological mechanism, e.g., the motor cortex, with the 
cytoarchitectonica of the region in svhicb we find it, we have 
to ask ourselves with what precbcly arc we to equate it — 
svifh the " area ” or >vith the lamina ? 

In a given area, one or more of the cortical cell layers 
may have no part in the activities of the physiological 
mechanism we arc considering. There arc reasons for 
believing, for example, that the motor cortex and its pro- 
jection the pyramidal tract arc largdy, if not wholly, based 
upon the fifth cortical lamina. This we have seen to possess 
a structural uniformity over an area wider than that of 
cortical area 4, namely, over the whole of area 4 and the 
adjacent posterior part of area 6 (that is, FA and part of FB). 
Therefore, in attempting to correlate Juncim with structure, perhaps we 
should concern ourselves, not with asta 4, but with le^er V in areas 
4 and 6. With these considerations in mind, it seems that 
in future, ^ve may have to direct our attention to. a laminar 
[ I08] 



phj’siology of the cortex rather than — as we have hitherto 
done — to an areal. 

Possibly we shall have to consider layer V as constituting 
one physiological mechanism and layer III as providing 
the anatomical substratum of another. Moreover, it is well 
to remember ;vhen thinking in terms of cytoarchitectonics 
that function is not simply a matter of ner\’e cells, or of 
ner\'e cell bodies, but of the infinitely complex anatomical 
and physiological relations set up between these cells by 
means of their processes. It is at the synapse that occur the 
grading and interaction of excitation and inhibition, and 
s^maptic arrangements occupy a place of primary importance 
in cortical structure and function. Therefore, the correlation 
of function and structure involves more than a study of 
cortical cytoarchitectonics. 

In conclusion, an interesting sidelight on the probable 
physiological unity of cortical layer V over areas 4 and 6 
is to be found in the observation recorded by Howe and 
Bodian (1942) to the effect that the virus of poliomyelitis 
show a specific affinity for the nerve crib in these t>vo areas. 
A glance at their Plate XXII suggests that thb affinity is 
confined to some only of the cortical layers, apparently 
from III to V. 


III. — The Relation of the Betz Cells to the 
Motor Cortex 

“ UTiffl iht disnttij cf’ motor tmUn 'fos( stitraxUd aCtontien, Dr Bnm 
Lewu, as long ago ai 187S, tftouxd that In* precentral gjnu conlainid giant 
fyrarnidal cells in groups, eotd he mapped out this pari qf the cortex as being 
specialized for motion. Passiilj because the groups of these giant cells did not 
correspond to the foci of representation as dcm/mslraUd bj/ the method of 
excitation, and possiblp also because (or he shewed) there ore areas of the 
motor cortex where no such cells exist, his ehserrations did not attract the 
attention they dtserced. ” 

** To include the whole effererit or tmUsr area as determined by excitation ice 
must take two of CampbeWe regions, both his intermediate precentral and kis 
pteeeniral ertas, though fvt mshts, eppamtly, if* term * motor ’ to ht uciriekd 
to the latter. This suggested restrictian of the term ' motor,’ namely, because the 
pant pyramidal cells of Betz are to be found in only a eertain {the major) 
portion of the precentral gyms, cannat be justifed, since it would exclude the 
motor centres for the face, larynx, pha^we, and eye muscles, as well as part of 
the representation of head moctmails '’ — ^Victor Horsley, Linacre 
Lecture, 1909. 

These Uvo passages from Horsley indicate ho\\' Asidely 
phj’siological opinion moved after the date of Campbell’s 
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the most part in the intermediate precentral area of Campbell. 
Opposite the * arm area ’ it lies not far behind tlie anterior 
border of (he intermediate precentral area, but opposite 
the ‘ leg area ’ it lies very much further behind the anterior 
limit of intermediate precentral area, although in front 
of anterior limit of the pure precentral area of Campbell.” 

For the anthropoid apes, therefore, the motor cortex is 
the area thus experimentally deb’mited, and its anatomical 
substratum is seen to include the whole of Brodmann’s area 4 
and also the adjacent and posterior part of hb area 6. 

In man the situation is not different, and in the stimula- 
tion studies of Penfield and Boldrey (1937), the most recent 
of the kind, we find the motor cortex a well-defined area 
embracing preebely the re^ons named bj^ Leyton and 
Sherrington.* These observ'crs state that without any 
increase in stimulation strength, motor responses of uniform 
character are found in area 4 (FA) and the adjacent part 
of area 6 (FB), "a/iVA no paitwilar itndmy (0 follow the 
^loanhiteclural palltm." Even Foerster, whose standardization 
of experimental conditions appears to have been very 
imperfect (1931)1 and whose conclusions differ from (hose 
cited in some respects, reports that “ stimulation of points 
of area 6ao (the Vogts’ nomenclature) produces the same 
belated effects that are obtained from stimulation of area 4, 
and there is the same subdivbion into foci for single segments 
of the limbs, but the threhold b much higher.” 

Whence, then, the present confusion P Until 1932 the 
conception of the motor cortex as something purely within 
the physiological category held the field. It b true, that by 
many — though not by all — the motor cortex was believed 
to be anatomically co-cxtcnsivc with the Betz-cell-bcaring 
area, yet it remained a term with physiological reference. 
In thb year a new conception was formulated and later 
expressed thus by Fulton (1933-34) t “ The motor area b 
defined hbtologically as the region of the cortex containing 
in its fifth layer the large cells of Betz. It should be 

‘ Penfield and Boldrey alao record the presence of some exeiuble points la 
the postcentral convolution. Concerned only to determine the topography of 
Che cxciublc nnJWr corca, Chey appear A? aeeept without rritieai exos^KSiian 
the hyp^ttls that restricu the laotor cortex to ares 4, and they assume t^t 
dl motor responses evoked by them Cram area 6 are really due to activation 
of area 4. This assumption does sot BsUow from any facu they record. 
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emphasized that the limits of the motor area are determined 
by its cellular structure and not by its electrical excitability.” 
Here the physiological properties of the motor cortex are 
explicitly rejected as irrelevant and an anatomical hypothesis 
— that is yet to be proved — put in their place as the essential 
criterion of definition. 

Confusion followed fast upon this new definition, and it soon 
became necessary' to restore electrical excitability — though with 
qualifications — to the definition. Thus, Fulton (1938) saj’s that 
“ the excitability of area 4 in the higher primates and man 
differs from that of other motor regions of the cortex in the dis- 
creteness of its responses,” and again (1936) “ the functions of 
the anterior part of the excitable cortex obviously differ from 
those of the posterior.” This anterior part is known as the 
” premotor ” cortex, and its anatomical definition suffers the 
same confusion as that of the motor cortex. Thus, Bucy (1933) 
states that the premotor cortex is (a) the cortical region imm^i- 
ately anterior to the ” classic motor area ” and is also (b) 
co*extensive with area 6. Yet, clearly, it cannot be both, for the 
classic motor area can be no other than that of Leyton and 
Sherrington ^s•hich we have seen to include part of area 6 
that is, part of what we are now asked to call the premotor cortex. 
Finally, we find Fulton and Dusser de Barcnne (1933) using the 
terms ** excitable cortex ” as s^monjinous \rith “ motor cortex,” 
and Fulton (1935) stating that “the term ‘excitable area’ is 
applicable to both the motor and premotor regions.” 

In short, the term “ motor cortex ” b now used in purely 
opportunbt fashion, and it has censed to be a term of precision. 

A prime necessity in the grammar of science b an 
unequivocal terminology, each item of which refers to one 
thing or to one notion, and not to any other thing or notion. 
Without this, clarity of thought and the interchange of ideas 
are alike impossible. The motor cortex was originally so 
named in rirtue of certain p^riological properties it dis- 
plays and for no other reason. Indeed, there could be no 
other valid reason, for in physiology the adjective “ motor ” 
has functional and not structural reference. 

IVhen we refer to a nerve cell as a “ motor ” nerv’e cell 
we refer to the functions of that cell, its morphology being 
for the moment indifferent. The same consideration applies 
to the use of the term “ motor cortex ” or “ motor area.” 
We here refer to function, and function cannot be “ defined 
histologically,” but only in terms of function. To specify 
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the anatomical substnXiim of the motor cortex calls for a 
statement additional to that dcHning function. Fulton’s 
new definition confuses the anatomical and physiological 
categories, and declares trrcles'ant those very properties from 
the possession of which the motor cortex derived its name. 

It is surely clear, therefore, that we must return to the 
physiological definition of things and notions physiological.- 
Hence, in this review, by the term “ motor cortex ” we 
refer to the cortical region delimited physiologically by 
Leyton and Sherrington in anthropoids, and by Pcnfield 
and Boldrey in man. If we now compare the maps of the 
two former for orang and gorilla and of the latter for man, 
with Campbell’s chart of the distribution of the Betz cells, 
a distribution regarded as co-cxtcnsivc tvith area 4 by all 
obsen’crs prior to Economo and Koskinas, \vc sec that the 
stimulation maps agree in shosving a uniformly cxdtable 
region of cortex tliat embraces area 4 (FA) and part of 
area 6 (FB). In none of tliesc types is the motor cortex 
co-extensive ^vitli the Betz-celbbcaring area 4 (Fig. 9). 

^Ve may now proceed to consider the objections that 
may be urged against tills conception of the motor cortex. 
Tlicse are of two orders : one anatomical, the other 
physiological. Tliey are as follows : — 

(i) It has been said that the anterior border of the 
physiologically delimited motor area is too vague for purposes 
of definition, and is incapable of anatomical correlation. 
Forty years ago, this objection might have carried some 
ivcight, but it has long since been obsolete now that we hai’C 
authoritative experimental evidence in anthropoids and 
man as to the place and quality of this anterior border. 
Leyton and Sherrington found that under the influence of 
“ facilitation ” the anterior border of their motor cortex 
can be slightly advanced. This variation is the measure of 
the vagueness alleged, and it fa a variation inherent in the 
very nature of cortical function and fa neither incompre- 
hensible nor capricious. Further, so far from providing a 
contrast with anatomical aspects of the cortex, it accords 
remarkably ivith these. As wc have seen, there arc, in 
fact, no “ hair-sharp ” lines dividing the diflerent cortical 
areas on cytoarchitectonic grounds, save for a few knoivn 
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exceptions which do not include areas in the frontal lobe. 
Nothing emerges more clearly from the studies of Economo 
and Koskinas than the difficulties involved in any precise 
delimitation of cortical areas, and what Brodmann has to 



These diagrami repfcseni in the stippled areas, the excitable 
motor conex as phpioIbgicaU)- delimited. A in the oran?, B in 
the gorilla, C in man. D TepreaenU Campbell’s than of the 
distribution of Betz cells in man and is given for companion 
v.ith the extent of the motor cortex. (A and B from Le>iDn and 
Rherrington. tgi?. C from Penfietd and Eoldrey. D from 
Campbell's Plate IX.) R is the fissure of RoUndo, S the fissure 
ciTS^vius. 

say on the matter in the case of areas 4 and 6 of cercopHhectis 
we have already seen. The areas depicted on a cortical 
map attempt to take into account all the sLx component 
layers of the cortex, and, as it were, to strike an average 
between them ; but an ideal cortical map would require a 
separate sheet for each layer, and, in short, as Economo and 
Koskinas remark, there is about the border of any cortical 
area something arbitrary' and subjective, dependent upon 

l ”5] 



the particular cell form or lamina we chance to hai'c under 
consideration. Thus, cytoarchitectonics provide us ^vith 
nothing more precise than does physiological experiment, 
for the simple reason that the cerebral cortex is not built as 
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A diagram showing (he relation of the cortical representation of movemenu in 
the human cortex (Pen^dd and Boldrer) with the Retz cell distribution. A 
I’enfidd and Boldrey’a motor tequence chart. The list from “to«“ to 
“ twallow ” Indicate the tcqueoce of motor retpoiua in the Rolandic cortex 
from the median fissure above to the Sylvian figure below. The length of the 
individual horizontal linee to the right indicates the proporiJonal number of 
noinls anterior to the fixsure of Rolando gelding the movemenu named, 
'rheir length to the left indicates the numt^ of responses evoked from ihr 
pestcenlr^ (tynu. B gives Lassek’s figures for the relative distribution of Bets 
cells in the iiim>tljir£ of the Betz rw area. C gives Campbell's cliamm of 
Betz cell distribution. D gives the extent of the motor cnrtrt as ddimiled 
by stimulation by Penfield and Boldrey. 

a cliessboard. It seems safe to say that neither anatomy nor 
physiology provide us with any reality corresponding to 
cortical maps such as those of the Vogts and of Foerster. 
These constitute a highly artificial two-dimensional scheme 
of a three-dimensional anatomy, and they depict a simplicity 
in natural objects of which nature knovt’s notliing.' There 

* In a recent paper essential to any student approaching thu subject. 
Lasbley and Clark ( 7 . romp. Meutvt., i<>46, 85, 933) confina uiese striciurrs. 
They observe that in plannis^ experimental work on the cortex it is 
desirable to have some guide to probable functional units in order that the 
work should not be undertaken who^ at random. For this purpose, 
however, the * ideal ’ architectonic chart b nearly wortliless, because individual 
variation b too great to make the chart significant for a single specimen, 
because the areal subdlvuions are in large part anatomically misleading as 
to the presumptive functional dbbions of the cortex. . . . The charting of 
areas in terms of poorly defined and variaUe characters, in the hope (hat 
future physiological studies may some time reveal their significance, has 
contributed nothing to knowledge of cortical organization and gives no promise 
of better achievement in the future. If architectonic studies are la have value, 
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can be, then, no objection on grounds of anatomy to the 
physiological delimitation of the motor cortex, for just as 
the anterior limits of the relevant cortical layers in areas 4. 
and 6 (FA and FB) merge gradually into the changed con- 
ditions characteristic of areas lying anterior to them, so docs 
the excitable cortex show a less than “ hair-sharp ” anterior 
border. The behaviour of the anterior part of the motor 
cortex is what its structure would lead us to expect of it. 

(2) A physiological objection to the conception of the 
motor cortex here maintained might be urged if it could be 
shown that within its boundaries the presence of two distinct 
ph^-siological mechanisms could be demonstrated. If, for 
example, it were found that the motor responses cHcitable 
— under standard conditions — by stimulation of area 4 (FA) 
differ qualitatively from those resulting from stimulation of 
area G (FB) under comparable conditions, it could then be 
proposed that the Bctz-ccII-bearing area 4 (FAy) is a 
phpiological unit and that area 6 is another : then the 
names “motor” and “premotor” respectively applied 
to them by Fulton and his co-workers might express a 
physiological truth. On this point we have evidence from 
two main sources, the results of which appear at first sight 
to be in direct and complete conflict. The first source 
we find in the studies, already referred to, of Leyton and 
Sherrington in anthropoids and of Fenfield and Boldrey in 
man. In these ive find no trace oj anjr such dual mechanism within 
the motor cortex. As the stimulating electrode passes anteriorly 
across the cortex of area 4 (FA) on to that of area 6 (FB) the 
character of the motor responses and the strength of stimulus 
necessary to evoke them show no change whatcs’cr except 
at the anterior fringe. The responses do not follow “ the 
cytoarchitectural pattern,” and we pass from excitable to 
silent cortex. For man and anthropoids, therefore, the two 
statements cited from Fulton (p, 434) in respect of these types 
appear quite Avithout foundation. Stimulation experiments in 
them have provided no indication of the presence of a “ pre- 
motor cortex” Avith functions qualitatively different from 
those of his “ histologically defined ” motor cortex, i.e., area 4. 

they must be based uptan an adequate sample of the population and must 
employ a precision of descripthe method wlucb has not twen approached in 
exseimg studies." 
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It is only \vhcn \vc lum to llic second source, the 
pithecus and viacacus physiology of the Vogts and of Fulton 
and his co-worken, that evidence purporting to differentiate 
the reactions of areas 4 and 6 is submitted. In this body of 
observations sve find it stated that as the stimulating electrode 
passes from area 4 to area 6 the threshold of excitability 
rises suddenly, and \vith equal suddenness motor responses 
of an unequivocally different order appear. For the Vogts, 
tins physiological change has the same “ hair-sharp ” 
suddenness that they postulate for cytoarchitectonic borders. 

To appreciate fully the basis of thb claim it is necessary 
that we should be quite clear as to what are the qualities 
of the responses evoked from the motor cortex of Leyton 
and Sherrington, and the intcr«ted reader may be strongly 
urged to study for liimself the relevant chapters in Leyton 
and Sherrington’s classic paper. 

They provide a list of over 500 movements observed by 
Uiemonstimulationofthemotorcortex. Each/ArrsA^/tf stimulus 
applied for two seconds tends to give a sequence of simple 
movements, their first, second, third and fourth mot'ements. 
The first is called the primary movement and it may be 
follotved by one or more secondary movements. If stimula- 
tion be strengthened or prolonged, a definite "march” of 
movements occurs and this may issue in an epileptiform 
convulsion that persists aficr cessation of stimulation. 
Furtlicr, movements of all segments of the limbs, proximal 
as well as distal, and of all parts of the trunk arc to be seen, 
and no movement of the skeletal musculature is unrepresented 
(save eye movements as primary movements). The n.ature 
of the response varies according to various named factors, 
amongst which the most important in our present connection 
•ire stimulation strength and duration. As these are. raised, 
the responses become more widespread and therefore 
complex, and may, as we have seen, assume the characters 
of a Jacksonian fit^ 

Before proceeding to summarize the evidence derived 
from macacus and cercopithecus, we may recall that in these 

* A n«w light upon the form and ugmficance of motor responsts cvocable 
from the ccjrtc* by electrical fUnnilatioa has been thrown by observations of 
Murphy and Gellhom (Ank. ^nnl. itpefttst., i9i£>-45, 54» 256 ). 
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studies entire reliance is placed upon the areal chart of 
C. and O. Vogt. It is dear that conclusions based upon 
an anatomical foundation so largely uncertain must be 
taken ^vith reserv'e. 

In contrasting the differences between the motor 
responses evocable from areas 4 and 6 respectively, Bucy 
(1933) summariaes area 4 responses as follows : (i) they 
consist in discrete sustained responses involving small muscle 
groups, usually distal limb muscles rather than pro.ximal ; 
(ii) if stimulation be strengthened and prolonged the 
responses are more wdespread, may be rhythmic and may 
issue in epileptiform after-discharge ; (iii) with minimal 
stimuli the cortex anterior to a line from 5 to 7 mm. in front 
of and parallel with the fissure of Rolando is inexcitablc. 
This line is said to correspond accurately with Vogts’ line 
of duision between areas 4 and 6. To demonstrate 
excitability in area 6 it is necessary to raise the strength of 
stimulation. When this is done motor responses are obtain- 
able from the posterior part of area 6. \Vith threshold 
stimuli these resemble the responses obtained from area 4, 
though the localization of the movements is said to be “ less 
discrete.” With stronger stimuli “ an entirely different type 
of movement ” is obtained, consisting of rhythmic and pro- 
gressive movements. The last named are obtained with 
maximal stimuli and arc so-called because they show 
after-discharge. If the cortex along the line assumed from 
she map to separate areas 4 and 6 be incised, no responses 
are any longer obtained from area 6 to near-threshold 
stimuli, but %Yith maximal stimuli diminished rhythmic 
and progressive movements may still be obtained. 

From these observations the follosving conclusions have 
been drawn ; (i) The premotor cortex represents a motor 
mechanism svilh functions other than those of area 4 ; 
(ii) the disappearance of simple segmental movements on 
stimulation of area 6, tvhen a cut separates it from area 4, 
sho^vs that the impulses engendered in the former normally 
travel backwards through the cortex to the giant cells of 
Betz in area 4, and exciting these cells give rise to motor 
impubes which descend the pyramidal tract ; (iii) the 
persistence of rhythmic and progressive movements when a 
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cut separates areas 4 and 6 shows that the latter has its omi 
.long projection tract distinct from the pyramidal tract; 
but (iv) the diminution in these movements in these 
circumstances show that some of the impulses responsible 
must also travel back to the Betz cells and descend thence 
by the pyramidal tract. 

Various comments occur to the reader of this interpreta- 
tion. It is difficult to ascertain in what consists this alleged 
gualilative difference between the reactions cvocable from 
area 4 and some of those obtained from area 6. The latter 
do not seem to differ essentially from those we find when 
area 4 is maximally stimulated : namely, svidespread move- 
ments with after-discharge that may issue in an epileptiform 
con\-ulsion. On this point, also, Horsley, in the lecture 
already cited, has a pertinent comment to make; “It 
should not, in my opinion, be assumed that the effect of a 
minimal stimulus, evoking, as it often docs, but a single 
mo^•ement of a single segment of a limb, is a criterion of all 
that Is represented— that is, svithin that portion of the 
cortex cerebri.” 

It seems that as (he anterior limits of the motor cortex 
arc reached, the threshold of excitability rises, though It 
may be lo^vcrcd even here by “ facilitation,” and at tliis 
previously incxcitable fringe, increased stimulation strength 
and duration will scr\'e to evoke the simple segmental 
movements described by Bucy (and earlier described by 
C. and O. Vogt). With still stronger stimuli more c.\tcnsive 
and longer-lasting movements appear and show after- 
discharge, and finally large fields of the musculature can be 
thrown into action. Tliat some of this motor activity may 
be due to spread of current to posteriorly-lying cortex seems 
likely from the described effects of cutting a trench between 
areas 4 and 6. We have indeed seen in Focrstcr’s cortical 
stimulation studies in man (1931) svhat very svide regions 
of the cerebral cortex can be made to yield movements on 
maximal stimulation, but to say that all the movements 
obtained in these circumstances indicate a normal motor 
function 'of (he cortical regions stimulated would not be 
justified, and, indeed, the more careful exploration of the 
cortex by Pcnficld and BoMrey has sho^vn tliat Foerstcr’s 
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findings cannot be accepted. In this supposed selective 
excitability of the premotor cortex ssiih its qualitatively 
distinct motor responses, therefore, it seems far more likely 
that we arc seeing the results of the maximal stimulation of 
the relaiivelji inexcitable anterior fringe of the motor cortex 
that lies in area 6 (FB), together svith effects due to spread 
of current through the cortex to area 4. AU that can be 
elicited from ihh supposed premotor cortex can also be elicited from 
ike rest of the motor cortex if this be sufficiently strongly stimulated. 
It is interesting to note that the barbiturate aniesthctics 
are said totally to destroy the excitability of the premotor 
cortex, light ether anaathesia (used by Leyton and Sher- 
rington and by Bucy) is less depressant, but Pcnfield and 
Boldrey's stimulations were carried out in man under local 
anasthesia, so that no question of any depression of cortical 
activ’iiy could arise. Yet under these favourable circum- 
stances, these observers detected no trace of a physiologically 
distinct premotor mechanism. 

Therefore, cortical stimulation experiments may be said 
to provide no satisfactory csddence of any division of the 
physiologically delimited motor cortex into two separable 
components. The motor cortex as far as its activities can be 
displayed by this method is one and indivisible. The cortex lying 
anterior to it appears electrically inexcitable. 

Further cridcncc of the qualitative differences in function 
between the cortex of area 4 and that of area 6 is said to be 
prorided by isolated ablations of these two areas, but the 
conflict of eudence here is so considerable that no conclusions 
can be drawn from these experiments. Thus area 4 
ablations are said to provide hemiparesis, most marked in 
the distal limb segments, transient depression of tendon- 
jerks and transient flaccidity. In some experiments later 
increase in tendon-jerks and some hypertonus are recorded. 
Area 6 ablations are in some accounts said to produce 
marked spasticity, hemiparesis and apraxia (Fulton, 1935), 
but in other accounts (Fulton, Jacobsen and Kennard, 1932) 
these ablations ts ere said not to lead to pronounced hyper- 
tonia. Repeating these experiments, Denny-BroNsm and 
Botterell (1936) found after area 4 ablations in macacus the 
type of hemiplegia familiar to clinicians, flaccid at first 
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not strictly comparable, the erroneous conclusion is reached 
that qualitative dificrcnccs obtain between them, and thus 
the preconceived notion that the Betz cell is a specific entity 
obtains a fallacious confirmation. 

In Leyton and Sherrington’s and in Penficid and Boldrcy’s 
observations thb error was avoided, and thus no evidence 
of a dual cortical mechanism in areas 4 and 6 was obtained. 

It appears, also, that the motor cortex is not co-cxtcnsivc 
with a cortical “ area,” a result that need not surprise us 
wlicii we realize (he true nature of cortical areas. It seems 
that the true correlation of function and structure here is 
between motor functions and the large pyramidal cells of 
layer V in areas FA and FB. In an earlier paper (1935) 
the present \vriter submitted that the motor cortex is not 
co-extensive with area 4, and drew from Foerster (1936) 
tJic protest that ” the opim'on has recently been expressed 
that the different cytoarchitcclonic and myeloarchitectonic 
structure of these areas were merely anatomical detaib 
svithout physiological significance,” but it is now clear that lie 
was correlating function, not with structure, but with maps, 
and ^vc see that applied cytoarchitectonics are wandering 
from tlie realities of anatomy. Economo and Koskinas 
have clearly pointed out the limitations and the nature of 
the areal map, but for C, and O. Vogt, as for Foerster, their 
cortical maps are precise guides of umVcrsal validity for every 
component of every cortical field in every individual brain. 

These maps do not possess a factual accuracy of this 
high order, and It is unthinkable that they should do so. 
Tlicy cannot be treated as though they were mariner’s 
charts whicli record the predse and unchanging form and 
extent of individual concrete structures. Yet this is how 
they arc being increasingly treated, and applied cyto- 
architectonics are thus ceasing 10 provide the basb of a 
scientific correlation of function and structure. Perhaps tlie 
superlative example of this b Foerster's map of cortical 
areas in man, wWch is no more than a cerco/iMecus map of 
uncertain accuracy redrawn upon a diagram of the human 
brain. Itis not the record of any human cytolo^cal studies, 
and the arbitrary process of its production is spoken of as 
” homologizing the map for man.” It would be difficult 
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to conceive of a chart more remote from the realities of the 
structures it purports to represent. 


IV. — The Betz Cells, the Motor Cortex and the 
Origin of the Pyramidal Tract 

“ Ebenso uit Cajal mSchtea tar tbenfaJU annekmm, dost die grgssm 
PyramidmztUen tad lUeieKfUin der life und V lubtn den Belzufien 
KoloisalztUen ouch els IhiprtmguflUn der Mlllkurbewegungm taid der 
Ipramidenhali/i sind tad das dieu tertddtdene also nkht endtret els 

aureh Vise Criue mlersehiedeiu ladttidu/n ein und derselben sind, 

derm Zellpbsst jtdoek geuiisermasien in tangekefirlen Verbdilnis fur Feinheil 
und Indindualisimag der ousgilSslen Beurtgiag Cconouo 

Koskik'M, “ Die Cl^oarchitektontk <l«t llimrinde des crwacK<enen 
Meascheh,” J9J5, p. 290. 

The conclusions that have been submitted from the 
available facts concerning the anatomical status of the Betz 
cell, in relation to other p)TamidaI cells and to the motor 
cortex, have prepared us for the probability that the p>Ta- 
midal tract, ^ indeed, the entire category of upper motor 
neurones, as this term is commonly understood, arises from 
the large pyramidal cells and the simple giant cells of cortical 
layer V wthln area FA and the adjacent pan of FB as 
well as from the giant cells of Betz. This is explicitly the 
view taken by Economo and Kostinas, and they portray 
on the surface of the cerebral cortex \vhat they belicN’e to 
be the cortical region corresponding to the field of origin 
of the fibres. Their diagram is here reproduced (Fig. 15). 



Fio. 15 

Cconomoand KosLinas's Fig. 87 
(p. 185) rcprescniing the pre- 
sumed cortical field of origin of 
tbe corticospinal (pyramidal) 
and cortico-pontine fibres. 


* The pyramidal tract comprise* all the corticospinal fibres, and these 
fibres alone. As far as is knoivn these all trasrrse the medullary pyramid. 
Above this le\’el they are not wholly segregated, and it b possible that in the 
sp i nal cord thb may aUo be true tf them, but in the medullary pyramid nothing 
b known of any admixture of other than coniccepina! fibres. 
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In citing authorities, however, we must beware of laying 
too much empliasis upon ojnnions that do not arise directly 
and necessarily from ihdr observations, and it may be 
asked whether cyto2rchile€:tooic studies can provide a 
conclusive answer to the question of the exact origin of the 
pyramidal tract. This at least we may say, that these 
studies show the close relationship between the three 
categories of pyramidal cells named above, and provide no 
ground for an exclusive attribution to the Betz cells of the 
origin of the pyramidal tract. The distribution of the Betz 
cells of itself affords strong evidence against such an attribu- 
tion, for no less than 75 per cent, of tlicm arc found in the 
“ leg and trunk areas ” of the motor cortex, the extensive 
representation of the upper limb movement contains only 
19 per cent., and the movements of the head, neck and face 
regions only 6 per cent. (Lassek, 1940) (see Fig. 14). 

It is therefore incredible that the giant cells of Betz 
should give rise to all the long projection fibres serving the 
motor cortex and comprising the pyramidal tract and the 
shorter path (0 the brain-stem motor nuclei. Even if we 
consider the cortical representation of upper limb movements 
alone, ^ve know that the region concerned contains a rela- 
tively small proportion of the Betz cells, but a very large 
number of simple giant and of ordinary laige pyramidal 
cells, and we cannot escape the inference that the axoncs 
of the two latter groups must play a part in the motor 
functions of this region and contribute to its corticospinal 
projection. If, as has been stated, the ratio of the Betz cells 
to pyramidal fibres is as i : 40, how much greater is the 
dbcrepancy of numbers when wc include the projection 
fibres to the brain-stem nuclei. 

The recent fibre analyses of the pyramidal tract 
(HSggqvist, 1937 ; Lassck and Rasmussen, 1939 ; Lassek, 
1942 («}), seem to confirm the inadequacy of the Betz cells, 
numerically, to provide all the axones of the pyramidal 
tract even when due allowance is made for the diflinjlty in 
the precise identification of the Betz cell, and even if wc 
double the largest current estimate and make the total 
60,000 Betz cells. Lassek and Weil’s (1929) original count 
gave 250,000 pjTamld.il fibres in the ccnical pjramidal 
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tract, but later counts with more refined staining methods 
have given considerably larger figures. Lassck and Ras- 
mussen (t939) give one million in man, and in a more 
recent count still Lassck (1942 (a)), finds in two young 
adults approximately 750,000 fibres. Still other interesting 
details ha\’e emerged from these studies. Thus, Hiiggqvist 
finds that the largest pyramidal fibres arise in the “ leg 
area ” : that is, where the Betz cells are largest, the smallest 
fibres arising at the other extremity of the motor cortex 
where the Betz cells are smallest and fewest. He gives the 
range of fibre diameters as from 3 to 21 fi, five-sLxths of 
the total being of the smallest calibre, and these he concludes 
to arise outside area 4. Lassek and Rasmussen, and Lassek 
{loc. cil.) find the pyramidal tract mainly composed of 
fine calibre fibres, only 4 per cent, hating a diameter of 
more than 10 /i. Lassck classifies these fibres into four 
groups : small fibres of from i to 4 /x, medium fibres of 
from 5 to 10 fi, and large fibres of from ii to 20 fi. Of 
the total, 89'57 per cent, are small, S'j per cent, medium 
and only i *73 per cent. large. Over half the total were only 
r fi in diameter. Further, of the total, no less than 39 per 
cent, were non-medullated. Ranson (1913) and IVheelis 
and McKibben {1932) had previously reported the presence 
of non-medullated fibres in the pyramidal tract. The 
recognition of these non-medullated fibres has made possible 
more accurate fibre counts than heretofore. 

From these findings certain inferences may be made. 
The pyramidal tract must be a slowly conducting path, 
since conduction rate increases with fibre diameter, as 
indicated in the writer’s earlier review on cutaneous sensi- 
bility (1942). Therefore the pyramidal tract cannot be the 
“ fast-train ” pathway to the lower motor neurone postulated 
by Foerster (1931). Moreover, it seems unlikely that the 
giant cells of Betz can be responsible for the vast number of 
tiny non-medullated fibres of \vhich the pyramidal tract is 
seen to be partly composed. It is probable that they provide 
the small percentage of large fibres. 

There is still another method of approach to the problem. 
If all the pyramidal fibres arise from Betz cells in area 4, 
ablation of this area should produce total degeneration of 
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the pyramidal tract. Yet it has long been known that this 
does not ensue. Monakow (1915) pointed out that it 
required total destruction of the hemisphere to cause total 
loss of pyramidal fibres, and Schroder (1914) reported that 
loss of all Betz cells left the pyramidal tract apparently 
intact. Lassek (1942 (c)) performed cortical ablations in 
sLk monkeys, allo^v^ periods from nine to eighteen ^veeks 
for degeneration to ensue belbre destroying the anfmab. 
After ablation of area 4, from 60 to 75 per cent, of pyramidal 
fibres remained intact, and even more extensive ablations 
left 50 per cent, of the fibres intact. Haggqvist (1937) 
found that four-fifths of the pyramidal fibres survived motor 
cortex ablation, the missing one-fifth being the largest 
fibres. 

We are thus brought back to a consideration of the value 
of the method of reactionary cliromatolysis, originally used 
by Holmes and Page May, and the original basis of the 
hypothesis that Betz cells alone give rise to pyramidal fibres. 

It may be stated at once that we yet lack any final 
conclusive and positive demonstration (hat division of the 
axone does not invariably lead to retrograde degeneration 
of the cell of origin, but there is strong evidence that it does 
not. Thus, Tower (1940) found after division of the 
medullary pyramid that the pyramidal fibres were intact 
at pontine level above the section, while Davison (1937), 
in cases of thrombosb of the anterior spinal artery in man 
at medullary level, found that pyramidal fibre degeneration, 
proximal to the complete dcmyelinization of tiic pyramid at 
the lesion, did not even reads the pontine level where the 
fibres were all intact. If, then, botli in monkey and in man, 
division of the pyramid does not cause degeneration of the 
fibres proximally, it would be remarkable if all the cells 
of origin of the fibres undenvent reactionary chromatol>’sis. 
Further, Levin and Bradford’s finding that 20 per cent, of 
the Betz ceUs remain intact after division of the cervical 
pyramidal tract is significant and suggests that even these 
large cells do not all undergo retrograde change. 

Lassek’s most recent study (1942 [d)) still leaves the 
question unanswered. He divided the pyramidal tract in 
the first cer\’ical segment in the monkey, and found that 
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\vhile the proximal parts of the scs'crcd fibres sho^Ycd no 
degeneration, yet tnc Betz cclb of area 4 did undergo 
retrograde degeneration and disappeared. He supposes that 
ohat has happened to them is that they have not fully 
degenerated, but that they have merely lost their Nissl 
substance and have shrunk so as to become undistinguishable 
from the numerous surrounding large pyramidal cells. 
These ha\ing no Nissl granules to lose do not change their 
appearance, and thus a fallacious impression is gained from 
the study of Nissl sections. Such a view scarcely accords 
with the finding of Holmes and Page May that all stages of 
degeneration can be seen in the Betz cells after pyTamidal 
section, together with ewdence of ncuronophagia, and it 
seems, therefore, that the observations of these pioneer 
workers still stand uncontroverted. Nevertheless, the weight 
of evidence from many sources outweighs, it is reasonable 
to submit, any inferences we may draw from the method 
of retrograde degeneration. There arc some three-quarters of 
a million pyramidal fibres to be accounted for, many of 
them fine and unmeduUated, and 30,000 Betz cells cannot 
account for them. Possibly, quantitative studies of Nissl 
sections, i.r., counts of the pyramidal cells in layer V of 
the rclev'ant region before and after pyramidal section, 
might throvv more light on the matter. Possibly, loo, we 
are asking of the Nissl staining method more than it is 
capable of telling us. 

In conclusion, therefore, both anatomical and physio- 
logical evidence points to the conclusion that in layer V 
(possibly abo in layer IIIc) of the cerebral cortex wc have a 
group of large pyramidal ccUs which include the giant celb 
of Betz, the simple giant ceUs and the large ordinary pyra- 
midal cells, and that the axones of thb group subserve the 
function of a projection system for the motor cortex. The 
cortical region in vvidch these cclb are found, and therefore 
the region from which tlus pyramidal projection system 
arises, includes the whole oParea 4 (FA) and the posterior 
adjacent part of area 6 (FB). These cells and their axones 
constitute an anatomical unit performing a unitary function. 
Nevertheless, in spite of the compelling facts of anatomy 
on which these conclusions are based, tve still find wide 
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expression of the view tliat the Betz cell is the sole cell of 
origin of the pyramidal tract, and that all corticospinal 
fibres arising in the Betz*cell-free part of area 4 (FA) and 
in area 6 (FB) arc not pyramidal fibres, but belong to a 
special extrapyramidal tract subserving an anatomically and 
physiologically distinct “premotor” cortex. When wc 
seek the basis for this proposed division of corticospinal 
fibres, sve find that it does not necessarily arise from any 
recorded facts of observation, but from the hypothesis svhich 
runs as a repetitive theme through so much recent literature 
on the subject that the Betz cell is a specific morphological 
and physiological entity in a category by itself. Into what 
didiculties this assumption leads us becomes increasingly 
apparent as we follow it to its logical conclusion. 

These difficulties began to appear when it \vas found 
that corticospinal fibres arise from area 6 in macaeus. 
Thus, Kennard (1935) noted Marclii degenerations in the 
pyramidal tracts after ablations of area 6, svbile Hoff and 
Hoff {1934) and Hoff (1935) delected degeneration of the 
synaptic terminals of corticospinal fibres in the grey matter 
of the spinal cord after ablations of the same area, as u-ell 
as after ablation of area 4 alone. 

Kennard found that Marchi degeneration in the crossed 
and uncrossed (ventral and lateral) pyramidal tracts after 
ablation of area 6 were to be found uniformly scattered 
throughout thac tracts. They did not form a special tract, 
but mingled with the pyramidal fibres. Her only reason 
for regarding these degenerated fibres as extrapyramidal 
was that they arose in area 6. They were therefore excluded 
€x hypothesi from being pyramidal fibres, and for no scientific 
reason. 

In this way the “ histologically defined motor cortex ” 
of Fulton became endowed wth its own pyramidal pro- 
jection system arising in area 4, and premotor cortex 
with a separate pr<ycction sj^tem arising in area 6. Both 
systems “ followed the anatomif course of liic true pyramidal 
pathwa)^," but they were different merely because they 
arose in different cortical areas. After ablation of area 4 
the numbers of these dcgcnenjtcd fibres in ilic pyramidal 
tracts was very much greater than after area 6 ablations. 
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Hoff and Hoff approached the problem in a somewhat 
different way. The results of Marchi degeneration studied 
after division of tlic corticospinal tract having given in- 
conclusive results in the hands of very numerous observers, 
they took advantage of the fact that after such division the 
synaptic terminals of these fibres (“ boutons terminaux,” 
“ Endfusse ”) degenerate rapidly. Within a few days they 
lose their normal loop-like appearance and become easily 
distinguishable granular masses lying round cells in the 
grey matter of the spinal cord. 

These degenerated terminals are to be seen at the base 
of the dorsal horns of the grey matter and also more vcntrally 
in the mid re^on of the grey matter and in the basal parts 
of the ventral horns. 

Tliese abnormal appearances were found to follow {a) 
ablation of area 4 ; (5) ablation of area 6 ; and (c) the 
cutting of an incision between areas 4 and 6. In their first 
paper Hoff and Hoff concluded (hat areas 4 and 6 both 
contribute to the pyramidal tract, and from the fact that a 
trench between these areas also leads to terminal degenera- 
tion they conclude that some of the projection fibres from 
area 6 run backwards into area 4 before turning deeply into 
the white matter. In a second paper, however, Hoff (tpss) 
somcw’hat added to these conclusions by expressing the view 
that two groups of projection fibres arc in question, a group 
from area 4 and another group from area 6. Thus the 
facts are forced into line with the hypothesis that there arc 
pyramidal and cxtrapyramidal corticospinal projection 
tracts. 

Yet the facts of observation are the same in both series 
of experiments, and it is not clear that any conclusion can 
be drawn from the second that is not inherent in the first. 
Fulton, however, suggests (1938) that there arc differences 
in the distribution of the degenerated terminals within the 
^ey matter according to whether the fibres bearing tlic 
terminab arise in area 4 or in area 6. There is nothing in 
the charts given by Hoff in other of the two relevant papers 
to bear out this contention. Therefore, these observations 
prove no more than that corticospinal fibres arising with area 
4 and the adjacent posterior part of area C run together in the 
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pyramidal tract and end in the grey matter of the spinal cord. 
Of the existence of two anatomically and physiologically 
distinct projection systems they provide no evidence. 

There is, on the other hand, some experimental evidence 
to show that the fibres arising from the relevant cells of the 
motor cortex and travelling in the pyramid of the medulla 
and pyramidal tracts of the spinal cord arc all of one physio- 
logical category and do not subserve two distinct cortical 
motor mechanisms of different function. Tower (igp) has 
found that section of the pyramid in the medulla of the 
monkey produces a hemiplegia in which the “positive” 
element, so characteristic of residual hemiplegia in the 
human subject, is absent : tliat is, there U no spasticity. 
Tills finding cannot perhaps yet be regarded as wholly 
confirmed, because Marshall (1934, 1935) finds in the cat 
that there is some evidence of extensor hypertonus, but the 
absence of hypertonus appears to have been complete in 
Tower’s monkeys. Now, it has been claimed that area 6 
ablations of the cortex produce a notable contralateral 
liypertonus of (he limb musailature, and even if we do not 
accept that hypertonus is wholly absent after area 4 
ablations, it docs appear tliat ablations of the anterior part 
of tlie physiologically delimited motor coric.x ivhcre this 
lies in area 0 arc assodalcd with a definitely greater degree 
of hypertonus Uian in (he case of ablations restricted to the 
posterior part of the motor cortex. Hoiv this is to be 
accounted for will be discussed subsequently, but it may 
here be said that Fulton and liis co-workers interpret the 
development of this hypertonus as due to the interruption 
of impulses normally arising in the cells of premotor cortex 
and acting upon lower lying motor medianisms. On this 
hypotlicsis, the residual spastic hcmipl^ia is the result 
of two factors : (i) loss of voluntary movements directly 
due to tlie destruction of the pyramidal tract arising in the 
Betz cells of area 4, and (ii) increase of tonic reflex mechanism 
activity due to its release fhwrt dtc control of the premotor 
cortex when tlie cxtrapyraniidal pnycction tract from this 
cortes {Le.f area G) is destroyed by the capsular lesion that 
interrupts both pyramidal and cxtrapyramidal tracts. The 
viesv that the cerebral lesion undcrljing a spastic residual 
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hemiplegia might upon nnnl^’sis be found to have two 
components, namely, a negative lesion of tiic corticospinal 
tract, and also one of another descending path from the 
cortex (though not necessarily a corticospinal path), was 
expressed a number of years ago by the present writer 
(igig), and this is, in fact, the \’icu' adopted by Fulton and 
his co-workers, nath the difference that for them this second 
descending path is the cxtrapyTamidal corticospinal path 
from the premotor cortex of area 6. 

But it is this difference, this identification of the*second 
path wth the projection system of a supposed premotor 
cortical mechanism, that creates an insuperable difficulty, 
for if this system runs ssath the pyTamidal path through the 
medulla and also in the pyramidal tracts of the cord, it also 
must be interrupted by a section of the medullary’ pyxamid 
and therefore, ex kypolkeii, section of the pyramid should 
produce the same spastic hemiplegia as results from the 
ordinary lesion in the internal capsule that underlies the 
familiar human hemiplegia. But, according to Tower, 
this is not what happens. The hemiplegia thus produced 
is flaccid, and therefore either there has been no section of 
an extrapyramidal path from the premotor cortex, or, if 
there has been, then this path cannot have the specific 
functions attributed to it in Fulton’s hy'pothesis. 

This tital flaw in the hypothesis has not escaped the 
notice of Ranson (1936) who, in a discussion on the pro- 
jection tracts of areas 4 and 6, pointed out that according 
to some current sie^-s of the premotor cortex, section of 
the pyTamid should produce spastic hemiplegia. 

A. final conclusion on this point must await further 
investigation of the effects of isolated section of the pyTamidal 
tract, though if the results of Tower’s e.xpcriments are 
accepted they entirely rule out the \iew that the pyxamid 
and pyTamidal tract contain fibres of two separate cortico- 
spinal projection sy'stems, motor and premotor, each having 
distinct and quite different functions. 

It yet remains possible, howcs’cr, that the spastic residual 
hemiplegia is the fruit of a double lesion, but that the path, 
the interruption of which adds the component of spasticity 
to the hemiplegia, although cortical in origin, does not 
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ari« exclusively in tlic cdh williin area G, and that it u 
a short path going to subcortical centres and not to the 
spinal cortl. The point %vill be referred to subsequently. 


V.*— SOMn CONSIDPRATIONS ON THE FUNCTIONS OF 
TiiK Motor Cortex 

“ /« /fe eimrse ^ our rrt km /rtoamllj hatt orratian la nalur the 

imuieithfir prornt aj tmillipM^ milemtt iiyorid en rtally n/eiijul to 
deJcnbi (•litnrmentt. Tin eaiUM ^infereoft ifhUh Jorliiili tl,it is one o/ihe moil 
imperlJKl in iht uholt ylogieai l/iouglil. It has Item my eonciieh 
txfotnfJ iy II 'iKim of Octam i« ihs manm : Fntia non ttinl tnuittplicmSii 
pTtiet tiKttiilalm. . , , Sir WWiam Hatmlloit tiprtssei Occam's eanrni 
tn the rnirt complete en>/ oJnjunie Jarm : JVWfSrr more, nor moii onerous, 
causes arc to be essismed than are netetian to occaunt Jot the phenemetui.''-^ 
Karl t^Rsov, “TTie Grainnur of &i«icr," Part i, ’niird liliiion, 
igit. 

In our consideration of assailable facts of obsen’ation as 
to the nature of the giant cell of Betz, the origin of the 
pyramidal tract and the anatomical substratum of the motor 
cortex, we Iiavc seen lliat a large body of hypothesis has 
been formulated from the interpretation, and upon occasion 
from the probable misinterpretation, of these facts. On the 
one hand wc have the view advanced by Leyton and 
Sherrington which, containing no elements in conflict with 
the facts of anatomy, and no superfluous hypotheses, presents 
i!ie motor cortex as co-extensive with the excitable frontal 
cortex and as a single indivisible mechanism physiologically 
considered. For an account of its functions viewed as a 
whole the reader must be referred to the original paper, 
but here wc need only point out that the authors emphasize 
the highly co-ordinat^ nature of e%'cn the simplest and most 
restricted movement eTOked by cortical stimulation, and 
the facility witli which flic motor cortex welds these frag- 
ments into complex movement combinations and sequences 
that are “ eloquent of purpose.” Nothing was found by 
these observers calling for any subdivision of the exdtabie 
cortex into separable anatomical or physiological components, 
nor has the later >vork of Penfield and Boldrcy on the 
human cortex yielded any new fact necessitating any 
modification of the observations or deductions of Leyton 
and Sherrington. 
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On the other hand, we haw another view on the matter, 
that associated with the name of Fulton and his collaborators, 
^vhich from observ’ations upon the lo\v'er apes has postulated 
a highly complex dual organization of the excitable cortex. 

More than this, it rejects one of the most firmly based 
conclusions of the work of Leyton and Sherrington, and 
that of Hughlings Jackson in clinical neurology, namely, 
the doctrine of the cortical representation of movements, 
and postulates that in the “ histologically defined ” motor 
cortex, i.t., area 4, it is not movements but individual 
muscles that arc represented. Thus, Fulton states : 

“ There has been a good deal of academic discussion as 
to whether individual muscles are represented in the motor 
cortex, or merely movements. Sherrington once said ^ 
that the central nervous system ‘ functions ’ in terms of 
movement rather than in terms of muscles, and the great 
neurologist, Hughlings Jackson, argued from his studies of 
epileptic seizures, that movements rather than single muscles 
find representation in the cerebral cortex ; from this he 
argued that specific movements arc impaired following 
cortical lesions, rather than spedfic muscles. Movements, 
i.t.t highly organized patterns of response, arc indeed 
represented in the cortex as we shall see later, but in so 
far as the motor area is concerned, I would urge that the 
representation is of muscles rather than of movements. 
By means of this final common pathway from the cerebral 
mantle, over which travel highly organized integrations, 
individual muscles may be thrown into action in appropriate 
combination and sequence. By discrete stimulation of 
Betz cells single muscles, indeed small parts of a given 
muscle, can be thrown into acii\-ity. From this fact I 
regard it as proper to speak ofa muscle having representation 
in the motor area, movements having representation in the 
larger cerebral organization of the frontal lobe.” — (Hektoen 
Lecture, 1936.) 

This is strange reading when we remember that reciprocal 
innervation obtains in every movement elicited by cortical 
stimulation and that in man the paralysis of a muscle as 
such is never seen in cerebral lesions, but only paral)’sis of 
movements. It would not be germane to our purpose to 

‘Chapter VIII of Sherringiem’s “ Integratue Action of the IS’ervous 
S)-stem ” u devoted to the resetiems didtaUe from the motor cortex, and 
presents in detail the evidence upoo whkh their status as co-ordinated 
movements is accepted. 
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cite thh lengthy and obscure passage were it not that it 
provides an illustration of the conclusions to svhich Fulton’s 
Ijypothcsis of a dual motor cortex ineniably leads him, and 
it is now the moment to \dcw this hypothesis as a whole. 
Primarily based upon the assumptions that the giant cell of 
Betz is a specific cell with exclusive functions as the essential 
element in a " histologically defined ” motor cortex, and 
that the p>Tamidal tract is composed solely of axones of 
these cells, it has to account for the fact that the cerebral 
cortex immediately anterior to the Betz cell area is also 
electrically excitable. The threshold of excitability of tlus 
region of cortex is high at its anterior limits, but, svhen a 
threshold Is obtainable here, stimulation at this strength 
yields simple restricted movements not distinguishable 
from those obtained by threshold stimulation of the Betz 
cell area. Yet to strong stimuli it yields widespread move- 
ment sequences. Tlicse are then contrasted svith Uic simple 
segmental movements elicitcel from the posterior part of 
the motor cortex by threshold stimuli, die fact that ma.\imal 
stimuli applied here also yield widespread movement 
combinations and sequences with after-discharge being 
ignorctl. Thus, by comparing phenomena that are not 
strictly comparable and neglecting to compare those that 
are comparable, the conclusion is reached that there is a 
qualitative difference of function between the anterior and the 
pcaterior parts of the motor cortex. In this way it becomes 
possible to postulate the existence of two cortical motor 
mechanisms wthin the excitable region, a “histologically 
defined ’’ motor cortex in area 4, and a “ premotor cortex ’’ 
in area 6. It now becomes necessary to proride each ^vith 
its projection system. This is achieved by a fresh hypothesis, 
namely, that all corticospinal fibres arising in area 4 are to 
be called pyramidal, while all those that arise in area 6 arc 
to be called the extrapyramidal projection system of the 
premotor cortex. The lunctions of the two systems thus 
brought into being arc diflerent, destmclion of the one — 
area 4 and the pyramidal tract — produces simple hemiplegia 
without hypertonus, destruction of area G and its projection 
sj-stem leading to hypertonus. 

So far we are dealing only with a multiplication of 
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hypotheses, each one arising, not so much out of the facts 
as out of its immediate predecessor in the chain, hut at 
this juncture a direct conflict occurs, for ex /lypollifsi, section 
of the pyramid in the medulla must interrupt both of these 
projection tracts and should thus produce hemiplegia svith 
spasticity. Yet, according to Tower’s experiments, only a 
flaccid hemiplegia results from this lesion. No subsidiary 
hypothesis has yet been formulated to remove this difliculty. 

The final link in the chain of hypothesis is provided by 
the last assumption that in the cortex of area 4 indi\'idual 
muscles are represented, while in area 6 movements are 
represented. Thus the contrast between the two mechanisms 
is brought to its logical conclusion. 

In the final form the hypothesis takes we have a plethora 
of “ more, and more onerous, causes ” than are required 
to deal with the phenomena, sriih the addition of a direct 
conflict of hj’pothesis uith phenomenon in the matter of 
the two projection tracts. It is impossible not to be reminded 
by this situation of Head’s theor>' of the constitution of the 
afferent nen’ous sj-stem, in which the initial postulation of 
two unnecessary and unverified anatomical arrangements : 
the epicritic and protopathic systems, led to the inevitable 
formulation of a series of subsidiary h)'potheses ; each called 
into being ad hoc to meet the difficulties created by the initial 
assumptions, yet failing in the end to provide a coherent 
h>’pothcsIs that generalized the facts ofobscrv’ation. 

\Vc may conclude, therefore, that the inferences drawm 
by Leyton and Sherrington as to the functions and con- 
stitution of the motor corte.x alone provide a scientific 
generalization of the relevant phenomena ; that is, the 
simplest possible satisfactory generalization. These infer- 
ences and those of Hughlings Jackson must still command 
our assent, which makes it impossible for us to accept the new 
and redundant hypotheses of Fulton and his collaborators, 
with which indeed they are in conflict. In short, the 
facts of observation do not require, and therefore do not 
justify, the postulation of the two mechanisms “ histologically 
defined motor ” and “ premotor ” of Fulton’s h>7)othesis. 

There remains for brief consideration one other feature 
of cortical motor function for which the clinical neurologist 
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yet a>vaiu a satisfactory elucidation. Familiar wth the 
clinical picture of residual spastic hemiplegia, as this results 
from a cerebral vascular lesion, he requires a conception of 
cortical motor function that will account, not only for the 
loss of movement that he observes, but also for the charac- 
teristic hypertonus and other positive phenomena in the 
clinical picture. Jackson has formulated the general 
principles that govern the appearance of “ release ” 
symptoms, but whether this release is — like the loss of 
movement — a result of loss of upper motor neurone function 
or requires the loss of function in some other neurone sptem 
remains problematical. We have seen how Fulton has 
attempted to prosade the answer to this problem, and svith 
what lack of success. The occasional occurrence of hemi- 
plegia svithotJt concomitant positive symptoms is on record, 
sometimes >vitli cortical, sometimes with more deeply seated 
cerebral lesions. Thus Da\ison and Bieber (1934) have 
described a series of cases of hemiplegia from vascular lesion, 
namely, middle cerebral artery thrombosis, in which, 
despite extensive damage to the “ premotor ” area (area 6) 
the hemiplegias remained flaccid throughout life. So far, 
then, human material has not provided an answer to this 
question. Many years ago (tgtg) the present writer was 
led to suggest that “ from clbical and experimental sources 
come several indications, as yet imperfectly understood, 
tliat a pure cortical lesion of the p>Tamidal system often 
does not produce spasticity as an accompaniment of the 
loss of power. They suggest the possibility that in the 
cerebral lesion undcrlpng, for example, a typical spastic 
residual hemiplegia, analysb may ultimately reveal a 
second component. That is, that in addition to a negati\'e 
lesion of the corticospinal path, interruption of another 
descending path may be concerned in the production of 
spasticity. Such a path need not be cerebrospinal.” 

It may be worth >vhile, ihcrcfore, to consider the relevant 
facts of anatomical and experimental obserx-ation to see 
whether they throw any light upon the dual symptomatology 
of what is known to the clinician as the upper motor neurone 
type of paralysis, of which himtiplegia with spasticity provides 
the most familiar example. 
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Let us attempt the task on the basis of the laminar 
ph^-siolog^- of the motor cortex already refetred to. \S'c have 
seen that in layer V of the motor cortex we have a large 
group of pyramidal cells, all of one ** Zcllart " and including 
the giant cells of Betz, tlie simple giant and the large pyra- 
midal cells. This layer, or field, of cells coincides with the 
limits of the motor cortex and with the field of origin of the 
pjTamidal tract. It is not unreasonable to assume that this 
group of cells and their axones belong to a unit of physio- 
logical function, the motor cortex. Dusser de Barenne’s 
thermo-coagulation e.xperiments, already referred to, afford 
some measure of support to this \ictv in that — as far as 
they' go — they seem to indicate that the cells of layer III 
play no significant role in this unit of function. 

Let us also consider the possibility that the field of 
simple giant cells and of large pyramidal cells of layer 111 
in area FA and the greater pan-— if not the whole — of 
Area FB, belong to another physiological unit. The 
extent of this unit, measured in terms of cortical areas, 
is greater than that of the relevant cells of layer V, for, 
as we have seen, the large pyramidal cells of layer III 
reach in area FB dimensions only second to those of the 
giant celts of Betz, We have no information whatever as 
to the nature of the projection system arising from this 
group of cells, but no evidence that it is corticospinal. IVe do 
know, howes’er, that there arc short projection tracts arising 
in areas 4 and 6 in monkeys. These include a precentro- 
pontine tract, corticorubral and corticonigral tracts (Levin, 
1936) and corticotectal tracts (Beevor and Horsley, 1902). 

It is possible that one or more of these short tracts may 
constitute the projection system of our group of cells in 
layer III of area FA and FB. These cells and their axones 
may thus be part of the system, a negative lesion of which 
permits the development of the positive symptoms of hemi- 
plegia. The extension of thb field of cells well into area FB, 
in which its focus may well lie, may account for the more 
marked degree of hypertonus that ensues when ablations 
encroach upon the region immediately anterior to the motor 
cortex, TTius we should have two physiological units, 
overlapping when considered m terms of cortical areas, but 
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not co.cxtensivc : imlU, the presence of which might not 
only account for the dual symptomatology of residual upper 
motor neurone paralysis, hut also in some degree for the 
striking and disconcerting disparities of observation that we 
find in (he matacus experimental phj'siology of (his region. 

No one conscious of the almost unbelievably complex 
character of the neuronal connections in the cortex will 
speculate without diffidence on these problems, but the 
issue has been raised by the experimental studies referred to, 
(ijough not solved by them, and thcrcibrc an alternative 
point ofsacw — submitted only tentatively — may be justified. 

It should, however, be emphasized that there is as yet 
no conclusis’c evidence that isolated interruption of the 
corticospinal projection system from the motor cortex is 
not adequate to produce both the negative and the positive 
symptoms of spastic residual paralysis from cerebral lesion 
in man, and dogmatic pronouncements to (he contrary- 
based upon the dual hypothesis of Fulton— should be 
treated with rcscr\'e, and It is probable that all the maeacus 
experimental work on this subject will demand repetition 
and confirmation before we shall be in a position to draw 
any concltisions from it. 

VI.— Gcneral Conclusjons 

" Ct HtUtkAt thfh fin Tntgse>'hai ift, in ^ man gar a Mfkf en/aljl, 
tpnn man im atlgemtinen Mck arr CtSsu 4rr Ztllm «wrA euf thrf Btdmtmg 
und phjdnlogisciit Dlgnital uVUun tu durjen gtaubu" — Cconqmo und 
Koukinas, “ Die CyCoarrhiirltonik der QroKlurnrlnde des 
rrw.vKienen Metuchen,” ig^S- 

“ la fad, it maji it datrJ pesitirrfy AoS net ate ehaiatler v)m whttJt 
parcillalian of tht terUx hat btfn batfd has ttm sluni'n h bt siittifiaillj 
rtlaled la itu fmebons a.vTibtJ la iht erra udiich il characlmzn. Othtt 
fadars them divnsiO of fitnetion tt nsfenstilefor tliwliaal difftitncit." 

Lasiiuy and Clark (tur. tit.). 

Perhaps tlie most important conclusion reached in this 
review is that the giant cells of Betz do not constitute n 
specific morphological and physiological category, standing 
apart from the other large pyramidal cells of cortical areas 
4 and 6, or FA and FB. Physiolopcai experiment has failed 
to show that these cells have exclusive functions not shared 
by other large pyramidal cells in layer V of these areas. 
On the contrary, all the evidence is that they do share their 
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functions wth these cells. On histological grounds, Economo 
and Koskinas have come to Uic conclusion that the giant cells 
of Betz, the simple giant cells and the large pyramidal cells 
are of one “ Zellart ” and differ merely in their size. From 
their distribution, these obser\-crs conclude that the largest 
giant cells mediate the simple movements of the legs and 
trunk, and that the finer and more complex movements 
are subserved by the smallest giant cells and by the large 
pyramidal cells. 

Tliese conclusions make possible a return to realism in 
our consideration of the structure and functions of the motor 
cortex, and they clear away the edifice of hypothesis that 
has been built upon the initial assumption of the specificity 
of the giant cell of Betz. 

It seems, then, that the anatomical basis of the physio- 
logically delimited motor cortex includes as an essential 
element these three dimensional categories of cell : Betz 
cell, simple giant cell, large pyramidal cell, as they lie in 
cortical layer V within the boundaries of the cortical areas 
named 4 and 6 (or FA and FB). It is from these cells that 
arise the fibres of the upper motor neurone (corticospinal 
fibres of the pyramidal tract, and cortical fibres to the motor 
nuclei of the brain-stem), and the field of distribution of 
these cells is the field of origin of this category of fibres. 

This brings us to the question of the relation of these 
structures to the familiar cortical areal map. 

Reasons have been given for concluding that a correla- 
tion of a cortical function with a cortical “ area ” is not 
truly a correlation of function with structure. A cortical 
area is largely a convention, it is certainly not a structure ; 
indeed, it is no more than a two-dimensional representation 
that seeks to sum the conflicting claims of sLx independently 
varying cortical layers. Within a cortical area, one cortical 
lamina may’ undergo notable changes, while another lamina 
may e.xtend unchanged into an adjacent area. Tliereforc, 
the correlation of cortical function with cortical structure 
must be a correlation with celb, fibres, and cell and fibre 
arrangements in the relevant lamina or laminae, and in the 
particular case of the motor cortex it is a correlation with 
the large pyramidal cells, already defined, that lie in layer V 
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in cortical areas 4 and 6. Hie attempted correlation of 
function ivith “ area ” is a tnisapplicalion of cortical 
cytoarchitcctonics and lias proved misleading in this 
connection. 

We have learned, also, tliat at any rate in man and the 
anthropoid apes, the motor cortex is one and indivisible 
and shows no evidence \vilhin its borders of the existence 
of two separate physiological mechanbms, and it merges 
anteriorly on silent cortex : that is, electrically inexcitable 
cortex.^ 

The projection tract of this cortex is the pyramidal 
tract togcllicr with the contingent of shorter cortical fibres 
that pass to the motor nerve nuclei of tlic brain-stem. The 
evidence submitted from experiments on ctTcopillucus and 
macacus to the effect that there are two separable motor 
mcclianisms, a histologically defined motor cortex ” and 
a “ premotor *’ cortex, is capable of a simpler interpretation 
and is primarily based upon the untenable hypothesis that 
the Betz cell is a specific entity. 

This hypothesis of a dual cortical motor mechanism 
svithin the excitable frontal cortex recalls Head’s theory 
of the afTerent ners'ous system In which, abo, two separate 
anatomical sensory mechanisms were postulated, and it 
seems highly probable that It is a figment of a comparable 
order. 

Turning from this aspect of tlie subject to the correlation 
of Betz cells with pyramidal fibres and ivith tJjc cortical 
projection fibres to the motor nuclei of the brain-stem, we 
find a striking discrepancy between the estimated totab of 
Betz cells with the numerical analyses of the pyramidal 
fibres, a discrepancy that must be much greater ivhen we 
take the fibres to the brain-stem abo into consideration. 
Even if we make the most generous allowance for the range 
of error in Betz cell enumcralion inherent in the difficulties 
that the identification of these cells presents, the discrepancy 
remains quite remarkable. Further, the pyramidal tract 
appears as predominantly a fine fibre, and hence a slowly 
conducting path, and contains a considerable proportion 

• The lopc^apliically separate excitaUe field for prirnary eye movements 
U a distinct anatomical mechanism with its own physiological properties. 
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of unmyelinated fibres. In short, it has become impossible 
to maintain that the Betz cells can pro\'ide any more than 
a proportion of the fibres that make up the pjTamidal tract. 
The method of retrograde degeneration upon which the 
attribution of pyramidal fibre origin to the Betz cells rests 
is probably not valid for this purpose since we may not 
conclude that all the cells the axoncs of which are dhided 
show reactionary changes. 

The question of a consideration of cortical motor function 
in terms of cortical laminx has also been raised, and it seems 
possible that in %vhat we may call a laminar physiology 
we may find the solution of some of the outstanding obscurities 
of cortical function. In the present state of knowledge 
nothing definite can be said on this point. 

In conclusion, in a recent resiew of the anatomy and 
ph)'siolog)’ of cutaneous scnsibilir>', the present uTiter {1942) 
referred to the tendency* evident in the literature of the 
subject to postulate anatomical structures in accounting for 
the phenomena, nithoul attempting to establbh whether 
or not such structures uere present, and it appeared in some 
notable instances that anatomical research had failed to 
demonstrate their presence. From what has been said in 
the present resiew, it is clear that this tendency is not con- 
fined to the literature of sensoiy function, but is much in 
esidence in current h)-pothcses of cortical motor function. 
Here it shon-s itself by the arbiirar)- creating of anatomical 
categories amongst cdb and fibres, and the attribution to 
each of these of exclusive functions. This necessarily 
invoKcs a mulUpUcation of h>'polhcscs to account for 
observed phenomena be)ond what these require in their 
generalization. Some of these hypotheses arc pure assump- 
tions, others purport to flow from the facts but do not clearly 
do so. Thus, the current views on cortical motor function 
have been needlessly complicated and contain a large element 
of assumption that is not clearly submitted as such. 

Accompanying this defect in logical thought, and therefore 
in scientific method, is the employment of a loose nomen- 
clature : sometimes capable of more than one meaning, as 
in tlic current usages of the term “ motor cortex ” ; 
sometimes having no single clear and unequivocal referent. 
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Of the latter type is the term “giant cell.” For approxi- 
mately seventy years «-e have taken it for granted that this 
term referred to a svcll-dcfined specific cell category, and 
ive ha\-e thus been Jed to attribute to it specific and c.vcjusive 
functions. Yet it has nc^-er been a term of precision and on 
examination is found incapable of being made so, since the 
structure to wliicli it refers lias no specific individuality of 
the kind postulated for it. Wlicn we consider the active and 
svidcsprcail pursuit of neurophysiology, seventy years is an 
overlong period for an assumption to have remained current 
without examination, am! the reflection arises that perhaps 
in our haste to add to Icnowicdgc, we have sometimes 
neglected that “ unresting contemplation of the facts of 
observation," and that periodical halting to c-xaminc our 
basic assumptions that arc so essential to tlic building of a 
stable fabric of ordered knowledge. 
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ClL\PTER III 


On the Mode of Representation of Movements in the 
Motor Cortex, ivith Special Reference to '^Convulsions 
beginning Unilaterally** (Jackson). 

I. — Introductiox 

For our knowledge of the topography and mode of repre- 
sentation of movements in the cerebral cortex wc arc jointly 
indebted to clinical and to experimental obscn’ations. 
Destroying or stimulating (“ irritating ”) lesions of tlie 
cortex produced by tlic action of disease in man, and electrical 
stimulation and cortical abVaiion performed in apes and 
other animals by experimentalists, have been the sources 
of our information, and to these may be added the results 
of electrical stimulation of the human cortex carried out by 
surgeons in the coune of surgical imerveniions on the brain. 

It was reasoning from clinical obsertation that gave us 
the first inlding of a representation of movement and of a 
localization of function in the cerebral cortex, and the 
sequence of initial steps in the attainment of our present 
knowledge is to be found in summary in Schafer’s (1900) 
“Textbook of Physiology,” thus : “ Previously to 1870 it 
was almost universally held that the cortex cerebri could 
not be excited artificially, that there was no localization of 
particular functions in particular parts, that the cortex 
must act for each and all of its functions as a whole, and 
that lesions of the cortex produce, according to their extent, 
only a general depression of the functions of the cerebrum 
without special symptoms of local paresis. This doctrine 
was supposed to be firmly established by the experiments of 
Flourens (1842) which led him, to reject absolutely the 
localization of function which had been formulated, on 
altogether indifferent evidence, by the phrenologists, and it 
remained for many years in almost undisputed possession 
of the field. A notable exception had, however, to be made 
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aficr it had been shown, by the masterly researches of 
Broca (i86i), that one important function of the cerebrum, 
tliat of producing artinilatc language, is intimately associated 
with the integrity of the posterior part of the third frontal 
convolution of tlic IcA hemisphere of the brain, and doubt 
had begun to be thrown on the doctrine, at least in its rigid 
acceptation, by Hughlings Jackon (i8C8), and by Bastian 
(i86g), the former of whom was led somewhat later from 
the study of certain cases of epilepsy, following lesion of 
the hr.7in in man, to the conclusion that the symptoms 
could best be explained by the assumption of functional 
localizations, the epileptiform contractions being regarded 
as the result of irritative lesions (1870), This was the 
condition of the subject when, in 1870, were published the 
experiments of Fritscli and Hitzig, which clearly showed 
that the doctrine of the non'C-tcitability of the cortex was 
erroneous." 

A study of Jackson’s early papers re\-cals what strength of 
opposition his inferences encountered and how firmly rooted 
in the contemporary view was the nouon that the cerebral 
convolutions were " for mentation ” only. 

Tlic clinical neurologist, in studying the knowledge at 
our disposal as to tljc nature of the cortical representation 
of movements, cannot but be struck by the apparent un- 
rclatcdncss of the t\vo sources of our information on the 
subject. On the one band, Uit literature of electrical 
stimulation of the cortex, both in apes and in man, presents 
the picture of a mosaic of excitable points each yielding its 
characteristic and circumscribed motor response. In the 
papers of Leyton and Sherrington (1917) and in those of 
Graham Brown (1912, 1915 («), (6), (c)) he leams that the 
matter is indeed more complex than this summary statement 
implies, in that the esdtabie cortex shorn certain marked 
features of instability ; the response evoked from any given 
cortical point is often determined by precurrent stimulation 
of the same or of adjacent points, and a point which on one 
occasion yields a movement may on another be silent. This 
instability has been analysed by these observers into three 
factors named by them — facifftarion, devfaffon and rsversaf. 

To these further reference will be made, but, nevertheless, 
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the broad impression left on the reader is of a pattern of 
discrete points each ^delding on stimulation a small move- 
ment, or a sequence of small movements employing small 
numbers of muscles. 

On the clinical side we have the phenomena of Jacksonian 
fits, or as Jackson named them, “ convulsions beginning 
unilaterally.” There appear to be three predominant foci 
in the motor cortex from which these almost invariably 
arise : they are the foci for movements of the thumb and 
index, the angle of the mouth and the hallux. All Jacksonian 
attacks seem to spread from these parts in an ordered 
“ march ” of con\mlsion that, as a rule, corresponds fairly 
closely with the topographical order of localization of 
mo\'ements of the cortex as this order has been revealed by 
experimental stimulation. Jackson speaks of these three 
cortical foci as “ phy'siological fulminates,” and there must be 
physiological properties inherent in them, and not shared 
in equal degree by other regions of this cortex, that lead 
them to react in this %vay to internal states of the cortex 
that can hardly be rigidly confined to them. As to w’hat 
these properties may be, experimental cortical stimulation 
gives no due and offers no explanation. 

On the basis of his close study of these consarlsions and 
of destroying lesiotts, Jackson put forward a cortception of 
the mode of cortical representation of movements that at 
first sight makes no contact wtli the inferences as to this 
representation drawn by Leyton and Sherringtoii and other 
experimental ph)’5ioIogists, and as far as the present ^\Tite^ 
is aware no attempt has yet been made to achieve a synthesis 
of these rtvo bodies of oloervation, clinical and experimental. 
Yet a comparative study seems clearly to show that in 
certain characteristics of cortical activity, as revealed by 
experiment, we have the very qualities generalized by 
Jackson’s hypothesis. Therefore, a synthesis of these two 
approaches to the problem of the cortical representation of 
movements is long overdue, and is here attempted. 

Perhaps one of the most striking features of the vast 
literature on the experimental physiology of the motor 
cortex of the past seventy years is diat it has been largely 
anatomical in its outlook and inspiration, concerning itself 
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with the “where” rather than with the “how” of the 
cortical representation of movements. Apart from the 
papers of Graham Brown and Shrrrin^on on facilitation, 
and the chapter on the functions of the motor cortex 
in Leyton and Slierrington’s classic paper, physiological 
principles of representation have not greatly engaged the 
attention of any of those working on this subject. Hence, 
the original punctate localization theory of the pioneers 
still holds a precarious sway, despite a vague a\varencss of 
its inadequacy as a generalization of the facts. 

II.— Jackson’s Hypothesis of the Representation of 

hfoVF-MCNTS AND THE PONCTATE LOCALIZATION THEORY 

The representation we are considering is one of move- 
ments and not one of parts. As Jackson pointed out, the 
cerebral cortc.x rqircsents sensorimotor processes and can 
represent nothing else. In other words, the nen-ous sub- 
strata Of processes are localized in the cortex, and not the 
performing parts themselves. Yet It is customary to speak 
of a representation of parts In the cortex, and provided that 
this usage is not literally intended it is convenient and lends 
itself to economy of expression. Nev’crtheless, it is clear 
from much current writing on the subject that the representa- 
tion of parts is literally intended. TTius Woolsey, Marshall 
and Bard (194a) protest against the notion of an exclusive 
representation of functions in the cortex ; a notion they 
erroneously attribute to Head as its original proposer, and 
believe that dermatomes arc represented in the cortex, A 
representation of mviscles is also assumed by Fulton (1938) 
and Foerster (1931). Yet, if we hold this view — if, for 
example, wc hold that the hand is represented in the motor 
cortex — wc have next to state what precisely of this structure 
is thus represented. Surely, not any one, or all, of its 
component tissues, for, apart from its functions as a motile 
part, the cortex may be said not to be interested in the 
hand. • It is the motor performance of the hand that is , 
relevant. In short, the cortex represents performances and 
not performing parts. 

That muscles are not therein represented is illustrated 
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daily by e\’ery case of residual hcmiparcsis, where we may 
sec the extensors of the wrist ** paralysed ” as prime movers 
in an attempted voluntary extension of the wrist, but power- 
fully active as synergists in every forceful grasping movement 
of the fist. ^Verc a direct representation of muscles in 
question this familiar, clinical phenomenon could not occur. 
Further, before proceeding to discuss Jackson’s hypothesis 
some closer definition of the terms “ represent ” and 
“ representation ” may be useful. Both arc in current use 
in physiological and clinical neurological literature. Yet it 
is clear that the process referred to by these terms may be 
thought of under different aspects and may thus come to 
mean dinbrent things to different men, according to the 
method of approach in question. 

The early experimental workers on the cortex considered 
the functions of the excitable region in terms of sfsible motor 
pcrfonnance, and this is still the aspect of these functions 
that presents itself to the clinical observer. The movements 
may be those es'okcd by electrical stimulation, by the action 
of disease processes on the corte.x, or they may be the normal 
voluntary movements. From the study of the two former 
and their correlation \rith experimental excitation or local 
lesions of the corte.x, it has been possible to localize the 
nen-ous mechanisms involved in any given movements, 
and thus such a movement came to be spoken of as localized 
or represented at some point of the motor corte.x. It was 
further possible by anatomo-clinical correlations of this 
order, and also by experimental stimulation of the cortex, 
to formulate general principles of the plan of this 
representation, and of the mode in which the cortex initiates 
movements. 

The word “ representation ” thus used is a general 
term for all those processes in the cortex by ^vhich these 
'"isiblc results are brought about, and this method of direct 
observation does not concern itself srith the analysis of these 
processes, e.g., conduction in the neurone and across synaptic 
junctions, the physical bases of facilitation, excitation, etc., 
and the term “ representation” as thus employed subsumes 
all these processes. To the physiologist intent upon their 
analysis, this usage answers none of his questions, but there 
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is no reason why we should expect it to do so. The analysis 
of cortical Function in terms of conduction, facilitation, 
inhibition, etc., deals tvith another aspect of the problem — 
an aspect complementary to that revealed by the method 
of direct obscr\'ation. Not unnaturally, however, these 
two methods of approach tend to have their own special 
languages, and it is therefore essential in this attempted 
s>'nthesis that Jackson’s hypothesis should be expounded 
in an idiom intelligible to the modem reader. This some- 
what lengthy digression is dictated by the objection that 
Jackson’s use of the term “ representation " has no meaning 
for the modem cxperimenial student of motor conical 
functions, and by the desire to show that these two methods 
of approach, the clinical and the electro-physiological, arc of 
equal \’aHdity, and that each reveals one aspect of reality ; 
or, in other words, that the two describe one series of 
happenings in two languages, neither of >vhich is more, or 
less, scientific than the other. 

(i) Jackson's FfypoOitsis'^ 

In this the motor cortc.x is believed to represent all the 
movements which the indmdual is capable of initiating, a 
>’iew that implies a distinct and separate representation for 
each of the almost innumerable purposive movements the 
individual acquires during the course of life, however little 
one of these may differ from another. Put in another svay, 
we may say that there is a pattern of excitation for each 
movement. It follows that the leading motile parts, that is, 
those having the most numerous and the most varied move- 
ments, must have the most extensive representation in 
respect of these movements, while parts that have the fewest 
distinct movements (r.g., the tlioracic cage) will need in 
respect of them a correspondingly limited representation. 
In order of importance, Jackson names the leading parts 
as the thumb and index finger, the lower part of the face 

> The most conclie and detailed exposition of this hypothesis is to be found 
in Jackin's paper entitled " Sane Implicationl of Dissolution of the Nervous 
System ” (" Selected Writings," VoL If, p. 29). It contains conclusive 
arguments against (i) a representatian oT musdes in the cortex, and (li) the 
then and stdl— current doctrine of a punctate localization in the cortex. 
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iiscrul purpose without flxation of the svrist (and of parts 
further and further in aulomatiett)' according to the force 
required), we should n prim he sure that the centre dis- 
charged, although it might represent movements in which 
the thumb had the leading part, must represent also certain 
other movements of the forearm, upper arm, etc., which 
serve subordinatcly " (“ Selected Writings,” Vol. I, p. 69). 

Hence, the ” hand area,” for example, is not merely the 
cortical region in which movements of the harjd aJone are 
represented, hut one in which (he movements represented 
^rc mainly and predominantly those of the hand. Con- 
versely, this area is not the sole region of representation of 
hand movements, for these arc represented subordinatcly 
throughout the motor cortex, tlic so-called “ hand area ” 
being simply the ** yclJosv spot ” of their rcpiescntation. 
This the motor cortex is to he conceived oj, not as a mosaic of abrvpl 
loealUations, but as a complex pattern of ovntapping and graded 
Ttpresenlotioris. Jackson maintained that it is only on (he 
basis of such a mode of representation that we can account 
for (i) the transience and narrow incidence of paralysis 
following local destroying lesions of the cortex and (ii) the 
wdespread distribution of convulsion from local stimulating 
lesions. 

After a local destroying lesion, the functions of the 
destroyed part arc not ” taken over ” by other parts, and 
compensation is never absolutely complete (Jackson’s law 
of compensation), but so numerous and extensiw are the 
representations of movements of a given part that the loss 
is virtually concealed by the vast repertoire of movements, 
the cortical substrata of which arc left intact. Thus, while 
routine clinical examination may fail to reveal deficit of 
mo\’ement in such a part as the hand and digits, the patient 
himself may yet remain aware of a permanent impo\’erish- 
ment of his range of movements, as revealed to him when 
he tries to \vrite or to play a musical instrument. 

On the other hand, such a plan of representation 
necessarily involves that a stimulating lesion of the cortex 
will release a -ividcspread convulsion, even without there 
being any considerable or necessary spread of the excitatory 
process throughout tlie cortex. Tlie two followng citations 
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summarize Jackson’s \7c\vs : *‘It is obvious that the larger 
quantity of grey matter representing numerous difierent 
movements must be made tip of a great number of different 
parts. Each movement, so far as it differs from all others, 
must have so far spedal representation in the nervous 
centres. Greater difTcrenliation of function implies greater 
ph>'sical separation, however little different the movement 
may be from other movements, and however much it may 
be a reco-ordination of other movements. So far as there 
is a degree of independence of movement, so far there must 
be a degree of separateness of representation by different 
cells in the nervous centres. And yet, of coune, the 
separation is not isolation ; on the contrary, the greater 
the differentiation, the more complete the integration of 
the different elements, for they have to act together or in 
succession . . . any part, especially such a one as the hand, 
is represented in innumerable places ” {“ Selected Writings,” 
Vol. I, p. 263). And again : ‘‘ If any one part of the brain 
in this region (cortex) be destroyed, there is no obvious loss 
of movements, because the movements it represented arc 
still represented in each neighbouring part, although in 
different degrees and orders. But for this very reason, if 
any one part be strongly discharged, vast numbers of 
movements are developed ” (he. cil., p. 1 15). 

At first sight such an h>pothcsis appears remote from 
anything that can be inferred from cortical stimulation 
experiments. These are thought (Fulton, 1938) to reveal 
” a mosaic of circumscribed foci ” each subserving a small 
physiological unit of function. Jackson’s hypothesis 
postulates a fabric of interwoven and graded representations. 

In other terms, according to Jackson the cortical 
mechanism responsible for initiating the movements of a 
given part, such as the band and digits, is not one part of 
a mosaic within, which all the movements of that part are 
localized. The plan is one in which these movements ate 
very widely localized. All normal movements necessarily 
involve wide fields of muscles, and no normal movements 
are narro\viy confined to the muscles of a single part. In 
every normal movement-complex some one part is the 
leading part — the predominant component — and there are 
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numerous subordinate components. Tlicrc must tliercfore 
be an infinite number of patterns of movement— and 
underlying them, patterns of excitation in the cortex. Tliesc 
patterns arc spread out widely throughout the motor cortex 
and they overlap widely. 

(u) ’Tht Puttclate Localization Tiitojy 

TIjc notion of the motor cortex as a simple “ mosaic,” 
each item of which contains Uic nervous meclianism sub- 
serving a single restricted movement, lias already been 
rcfcrrcfl to. This svas the notion of the original pioneers of 
experimental cortical stimulation, and by those who hold 
any doctrine of localization of function within the cortax it 
has never been explicitly rejected, as we may see from the 
\vriting of Leyton and Sherrington (1917), Fulton (1938), 
and Dusser de Barenne (1934). Ncsxrtheless, tlic phenomena 
of cortical instability discovered by Graham Broivn and 
Sherrington have rendered it diflicult of acceptance in its 
original form. Tlie facts of facilitation, deviation and 
rcvenal of response and that of extinction of response have 
been exemplified and discussed by Graham Brown (1915 
(a), (A), (c)), by Sherrington and Graham Brown (191a) 
and by Leyton and Sherrington (1917), and the following 
brief summary may be given here. 

BubnofT and Heidenham (1881) first noted that the 
electrical stimulation of a cortical point at brief intenrals 
led to an increase in the motor resjwnse cvocable from that 
point, and they also noted another fact of interest that has, 
as we shall see, its counterpart in the phenomena of the 
Jacksonian fit — namely, that antecedent cutaneous stimula- 
tion of the limb responding to cortical stimulation augments 
tlie response. Francois-Franck (cited by Schafer, 1900) 
made a similar observation. Studies by Graham Brown 
(1915 (c), (A), (c)), Graham Brown and Sherrington (1912) 
and Leyton and Sherrington (1917) have shown that a 
liminal stimulus of one second duration, repeated at one- 
wtQud iutccvaU, iacreascs. the cxcUability of the point 
stimulated, and also that of adjacent cortical points 
(secondary facilitation). This ladlitation may show itself 
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by the appearance of response from a point not preWously 
yielding one, or by an augmented response from a previously 
active point. 

This procedure may also lead to an alteration — 
“ deviation ” — of the response previously obtained from a 
point adjacent to that subject to recurrent stimulation. The 
following striking deviation phenomenon may be cited from 
the paper of Leyton and Sherrington, and it shows how 
widely this change in cortical excitability may spread. 
“ In a chimpanzee the following was noted. "Ilie lower 
limit of hand area was determined, care being taken to 
avoid as far as possible deviation of response by near pre- 
current stimulation of adjacent points. Similarly the upper 
limit of angle of mouth was delimited. Then the lower limit 
of hand area was obtained by stimulation in serial succession 
of a number of points descending in order from upper part 
of ann downvi-ard. The lower border of hand area as 
thus examined trespassed into face area according to the 
upper limit of the latter as demarcated previously. . . . 
Conversely, on determining the upper limit of angle of 
mouth area by following that area upwards along a series 
of points stimulated in it in turn, the upper limit trespassed 
over into hand area.” 

Comparable examples arc given in this paper in which 
particular movements may be evoked from cortical points 
previously )iclding other movements. Also, complete 
reversal of response may be evoked {Graham Brown and 
Sherrington, 1912). 

These facilitation phenomena are most readily demon- 
strated within a given fimctional area, e.g., within ” hand ” 
or “ leg ” areas, and less easily from one such area to another, 
but even these functional boundaries may be transgressed, 
as the example cited above clearly shows. Another feature 
of cortical instability lias recently been revealed by Dusser 
de Barenne and McCulloch (1934, 1939) under the name of 
“ extinction.” Here, when an initial stimulus to a cortical 
point is repeated after an interval of one or more seconds 
(according to certain factors of stimulation strength, ^ 
duration, etc., and degree of anaesthesia employed) the 
second stimulus may evoke a diminished response or there 
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may be complete extinction of response. There may also 
be an interplay of facilitation and extinction according; to 
certain variable factors of procedure. 

Still more recently, Dusscr dc Barenne, Carol and 
McCulloch (1941) have recorded a series of observations 
on the motor and sensory cortex of the chimpanzee that 
may lead to considerable modification of our views on the 
topography and organization of these functional regions, 
if further investigation confirms them. They claim that 
under the infiuence of secondary facilitation, motor responses 
may be obtained from a wider area of cortex, both pre-central 
• anci post-central tlian that indicated in the svork of Leyton 
and Sherrington j in fact, from the entire sensory cortex ” 
as revealed by the strychnintzation method of Dusser de 
Barenne. Further, bounding this area anteriorly and 
posteriorly, and also within it, they report the presence of 
four zones of cortex, ntnnlng coronally from vertex laterally 
across the cortex, stimulation of which inhibits the normal 
electrical activity of the cortex and also inhibits the appear- 
ance of motor responses from normally excitable areas. 
These findings probably are relevant to certain points 
discussed in this paper, e.g.^ the sudden loss of power in a 
limb or limb segment in certain Jacksonian attach, but they 
do not bear, as far as can be seen, on the general prindples 
of cortical localization of movements as formiJated by 
Jackson. 

Summing up the results of experimental obscrv’ation on 
cortical stimulation we find they come naturally under two 
headings : (i) electrical stimulation appears to “sample” 
the motor cortex, revealing “ fragmentary reactions,” but 
not dearly revealing the general design of the cortical 
representation of movements. The method by which these 
items of movement are evoked is so remote from anything 
normally obtaining that we cannot even be sure that what 
we see are in truth normal components— physiological 
units — of cortical function. It appears to be generally 
assumed tliat we arc dealing with true units of function, 
^not materially dianged from the normal despite the abnor- 
'mality of the method by which they are produced. It 
would be as reasonable to regard the more complex 
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plienomena of a Jacksonian convulsion as something 
“ normal ” evoked by the experimental hand of disease, 
yet, as Jackson has pointed out, such a convulsion is a gross 
disorder of co-ordination of time. That the item of movement 
evoked by a brief electrical stimulus to the cortex shou's, 
as it invariably does, reciprocal innervation, indicates that 
some degree of co-ordinated activity has been revealed ; 
but that we are looking at a normal unit of function, normally 
laid down as such in the cortex, we cannot be sure. Never- 
theless it is on this foundation of a “ discrete representation 
of small local items of movement, each highly co-ordinated 
with others yet separately clicitablc,” that Leyton and 
Sherrington develop their ticiv as to the function of the 
motor cortex. They believe that “ the individual movements, 
elicited by somewhat minutely localized stimulations, are, 
broadly speaking, fractional, in the sense that each, though 
co-ordinately executed, forms, so to speak, but a unitary 
part of some more complex act, that would, to attain its 
purpose, involve combinations of that unitary movement 
with others to make up a useful whole,” and ” the multiform 
combinations which these (units) assume under cortical 
reaction and the rich mutual associations of the cortical 
motor points which the physiological phenomena of 
facilitation ” and “ deviation of response reveal ” indicate 
that a building up of these units is a main cortical function. 

(ii) This hj'pothcsis, however, is rather complicated 
than completed by the presence of the two last-named 
phenomena. That they bespeak an instability of the cortex, 
a capacity for reacting to experience in other terms, is 
perhaps dear, but what is not clear is precisely how 
facilitation and deviation — occurring on the background 
of a punctate localization of units of movement, contribute 
to the s>'nthcsb of movements which is the main cortical 
function. That there is some obscurity about this is revealed 
by tlie further statement that the fixity of motor localizations 
indicated in their charts “ is as regards minutia: to some 
extent probably a temporary one, i.e., obtained at the time 
of observation, but in our opinion might not be precisely 
the same were examination possible at a number of different 
times and in a number of different experiments . . . the 
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tnotor cortex is a labile organ.” It would seem, therefore, 
that the apparent shilling of the localization of units of 
movement from point to point involved in deviation is not 
really accounted for, and this is evident in an observation 
of Dusscr de Barenne (1933) in which he says that “ even 
for Uic electrically excitable cortex itself there is evidence 
at present that the relations between the foci and the striped 
peripheral musculature arc by no means so fixed and rigid 
as the classic localization theory asserts. These relations 
arc on the contrary rather loose, being easily disturbed and 
broken dosvn.” 

There is a prevailing element of the negative in these two 
last conclusions, and it is important to realize what they 
imply : they imply that there arc no really fixed foci of 
localization, even of units of movement, in the cortex ; 
that a cortical point that at a given moment represents 
(contains the pattern of excitation oQ a given movement, 
may at another moment represent a diiTcrent movement ; 
and that but one movement is represented at a given point 
at a given moment. In other words, the anatomical and 
physiological nervous substrata of a given movement differ « 
from moment to moment. On this hypothesis no more can 
be said as to the significance of facilitation and deviation 
than that, as Dusser de Barenne remarks, they break down 
the relations between cortical fod and the musculature. 
But to say this is not to define their function, it is plainly 
to confess this function undiscovered. 

In the most recent rcv’icw of cortical motor function, 
Hines (1943) proddes an admirable summary and critique 
of the vast mass of facts that experimental svork has provided 
on this subject, but these difficulties are not discussed and 
Jackson’s hypothesb finds no mention. It seems, to adapt 
Jackson’s aphorism, that our knowledge has achieved a 
liigh degree of differentiation but yet a^vaits integration. 

•In the light of Jackson’s hypothesis, it is submitted, tliis 
integration has long been possible. Perhaps the pith of his 
contribution is his realization that the notion of tlic localiza- 
tion of a single unit of movement in a single cortical point 
is not in accord witli the facts of clinical and experimental 
observation, and that there is more, physiologically con- 
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sidered, than a single moN'cment in a single point. This 
conclusion is indeed implicit in the facts of observation, 
but appean to have escaped notice by all but Jackson. 

Once it is accepted, however, the difTicultjes and inade- 
quacy of the punctate localization theor)' vanish, and the 
phenomena of facilitation and deviation assume a greater 
significance as necessary and integral factors in an ordered 
plan of representation. For, on Jackson's hypothesis, we 
see that the variations in motor response of a given cortical 
point— on electrical stimulation — from moment to moment 
no longer require us to suppose that localizations change in 
space in the improbable manner hitherto assumed, but are 
fully accounted for by changes in the relative thresholds of 
excitability of the different patterns of excitation (different 
representations) localized in a given cortical point, under 
the influence of facilitation. 

(iii) Clinical and Experimenlat Hypotheses Synthesized 

\Vc may now return to Jackson’s hypothesis in the attempt 
to correlate it >rith the facts of c.xperimcntal observation. 
The \iew that, for example, thumb-index mosements are 
widely represented throughout the motor cortex, but 
maximally represented at a focus within their wide field of 
representation implies that at this focus thumb-index 
movements arc more abundantly represented than arc otlier 
mo\-emenls ; the mediation of thumb-index movements is 
the principal function of this focus. That is to say, that at 
this point there is a grading of localizations, and that thumb- 
index mox'cments have the lowest threshold of excitability — 
or that theirs is the predominant pattern of e.xcitation — 
and they appear, therefore, as the primary movements on 
brief electrical Stimulation- Nevertheless, the fact that 
even in these circumstances, secondary, tertiary and even 
mos'esRetvts may foUovf the primary movemeats 
in sequence, strongly suggests the presence at that point of 
muldple representations of varying thresholds. There is 
other evidence to this effect. As long ago as 1883, 
Unverricht (cited by Schafer, 1900} noted that the isolation 
of a cortical point by cutting round it did not prevent the 
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spread of nn epileptiform comiilsion evoked by electrical 
slimiilation of that point, and also that dmsion of the corpus 
callosum did not pre\'cnl this spread from involving the 
muscles of the opposite half of the body. The second of 
these obscr\'a lions is in accord with Jackson’s earlier expressed 
view that “ discharge ” from a single motor cortex may 
evoke bilateral convulsions, while the first observ'ation has 
been recently rcdbcovcrcd by Dusser dc Barenne and 
Marshall (1931) and adds significant support to Jackson’s 
hypothesis. By the latter observers, a cortical point was 
isolated from the surrounding motor cortex by die injection 
all round it of novocaine. Trior to ibis injection the point 
yielded isolated finger flexion. Subsequent to it, the point 
yielded not only augmented fle.xion but also a spread of 
motor responses to other joints of the same limb and even 
to other limbs. This finding seems to indicate that facilitation 
— induced, as they suppose, by isolation — allowed stimulation 
to reveal the point’s whole repertoire of motor representations. 

^Ve must conclude, therefore, that, os Horsley has 
emphasized (1909) all that a brief threshold electrical 
stimulation of a cortical point does is to sample the point, 
and not to rc^'eal its full physiological possibilities, and we 
must abandon the assumption d»at this sampling can be 
made the direct and unqualified basis of a theory of the 
mode of cortical representation of movements. 

Jackson’s hypothesis is that what the motor corte.x 
represents are the normal movements of the individual, 
as xvc see them under nonnal conditions. In the case of 
what he calls the leading parts, e.g., tlic hand, with their 
great repertoire of complex movements and the widespread 
subordinate movements normally and necessarily associated 
svith them as, in his phrascolc^, automatic components, 
extensive fields of cortex arc involved, and these fields 
overlap and arc, as it were, intens-oven or interrelated. 
Within such a field there is a focus in which hand move- 
ments are more numerously localized than other movements, 
the patterns of excitation laid down by the long process of 
the learning of purposive movements are here mainly those 
cbnccrncd ^vith hand movements. The function of this 
focus is predominantly, but not exclusively, to initiate hand 
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movements, nnd these arc the primar)' movements rct'ealed 
by the “ sampling ” of the electrical stimulus, and the 
movements first activated in normal conditions of cortical 
activity. 

But since parts of other patterns of excitation are also 
present here, we get as secondary and tertiaiy' responses to 
electrical stimulation, movements of other parts, those 
normally associated uilh hand movements. 

As we pass from this focus we reach regions of cortex 
in which the foci of movements of other leading parts are 
situated. That is, at any given point in the motor cortex 
the neurones form the substrata of numerous patterns of 
excitation, but one pattern predominates and is the first to 
be “ fired off” by appropriate stimulation. If now, by 
appropriate antecedent local stimulation, the focus of 
thumb-index movements is facilitated (by lowering of their 
threshold of excitability), a corresponding depression of 
excitability of the other patterns of excitation there must 
ensue, and the area over which thumb-inde.x movements 
will be evoked will increase in extent. Thumb-index 
movements will now appear as primary movements in 
points from which prior to facilitation other movements 
were evoked as primary movements. Yet what has happened 
is not, as the punctate theory supposes, that the relation 
between cortical focus and peripheral muscles has been 
“ broken down,” but that the relative threshold values of the 
difTcrent patterns have changed. In short, the localization 
(representation) of movements in the cortex does not change 
spatially, there is merely a change in excitability and this 
necessarily leads to deviation of response.^ 

\VhLIe aware of the false air of clarity that a graphic 

• In ihls connection it ii interesting to study Pcnfield and BoUrc> ’i (1937) 
Fig. 25, Hhich reveals that all the tnov'cmcno evoked by them were obtainable 
over far wider fields than arc allotted to them in the usual conical charts of 
movemem. In fact, all the fieltb plotted to “ parts ” overlap widely. On 
the otber band, their “ homanetdur ” portrsyi s state oT aSTairf that j»-e nau-M 
find it dilBcuIt to accept as representing any^ing obtaining in the corter, for 
while the thumb has a very extensive repreiefitalion, the representation of the 
index b very small — being equal 10 that of the litUe finger only. The wrist 
also has a very small representation. Yet, as w« have seen, these three parts 
arc altnret invariably in action together, and it is difficult to accept va gross a 
discrepancy between the functional inqiortance of the thumb and that of the 
index as this figure proposes. Leyton and Sherrington did not find it so in 
anthropoids. 
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expression may lend to obscure or erroneous notions, sve 
may risk an attempt to portray these considerations in a 
diagram, svlitch seeks to corrdatc Jackson’s conception of 
the cortical representation of movements with the phenomena 
of facilitation and deviation of response (Fig. :6). 

If we accept this scheme as adequately expressing the 
action of facilitation, acting on the background of the plan 
of localization of movements- ptKtulated by Jackson, it 
follows that deviaiion of response is, not a phenomenon in the same 
category as facilitation, t.r., a fundamental neural process, hut 
simply one of three possible consequences of facilitation, the other 
two being augmentation and reversal of response (the latter 
being a variant of deviation). 

It therefore remains to consider \vhat role facilitation 
plays in the co-ordination of movements, and this requires 
that we shall discuss yet another aspect of Jackson’s hypo- 
thesis, one not yet referred to, namely, his dilTerentjation of 
co-ordination into two elements— spatial and temporal. 
There are reasons for suggesting that these should be 
thought of separately, even though in fact they are inseparable. 
Tlie plan of representation already considered provides the 
anatomical substratum of co-ordination in space. Co- 
ordination in time deals with what he calls the order of ^ 
action ” of movements : that is, the sequence of movements 
seen when sue!) a motile part as the upper limb is in action. 
We have already discussed tliis order when we described the 
act of lifting a heavy object. It h relatively fixed, the 
leading parts, that is, those having the greatest number of 
different movements at the greatest number of times, coming 
into action fint, followed by more automatic movements of 
proximal parts in the inverse order of their automaticity. 
The hand and digits are the leading parts in this instance. 
Thus, representation of movements may be said to have 
anatomical and physiological aspects ; the cortical field and 
the order of action respectively. It seems reasonable to 
infer that facilitation, in virtue of its role in effecting 
augmentation, deviation and reversal of motor response, is 
a primary factor in determining this order of action — in 
determining co-ordination in time. Under normal con- 
ditions of activity the axcitable motor cortex is activated by 
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Tie bue line rei^resenu the suriaee of the motor cortex from midline (A) 
to fisure of SjK-hu (B). Tie figure A, Tl, B embraces the lolal field of 
representation of ihumt^index tROvemenu, with iu focus from vthich thumb* 
inda movements are obtained on stimulation as primary motements at, and 
Immediately surrounding (vertical shading) TI. As this total field is follovsed 
to its extremes at A and B, the representation of thumb-index motements 
becomes prc^essi^ely leas the dominant representauon in the cortex. 
A,_^V, B and A, M, B represent the oorroponding fieli, with their foci, of 
wrist and angler-mouth movements respectively. 

From I to a, along the base line (cortical surface) we have the so-called 
wrist area,” from 2 103 the "thumb-index area” and from 3 104 the*‘angle-©r- 
mouth wea.” The vertical interrupted lines mark the limits of these " areas.” 

Excitability is represented by the ordinates. 

Fig. X represents a resting state of cortical activity, while Fig. Y represents 
the state of wain after thum^index roovenienls have b«n “ facilitated ” by 
antecedent stimulation of the " ifaumb-index area.'* In these circumstances, 
the total representation of thumb-index and of the other movements remains 
unclianged, but facilitation has enlarged the cortical area from which thumb- 
index movements are now elicited as primary on threshold stimulation, making 
this encroach upon theadjacent wrist andante of mouth “arras." The cortical 
region from 2' tog nowyidds thumb-indcxiiiovements and forms a zone in which 
there has been deviation of respemse, arid the same applies to the zone 3 3'. 

In other words, the initial " tbuml^index area ” is now surrounded by 
what we may call an inhibitory fringe for wrist and angle-of-mouih movements. 

Yet the total fields of represe n tation base not changed, all that has changed 
has been the threshold of excilabilttv for these three groups of movements. 
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liiRlicr level (Jackson’s highest lc%'cl) mechanisms in the 
frontal lobe, and facilitation is probably a process of 
fundamental importance in this activation. Tliat co- 
ordination in time is not menJy an abstraction having no 
physiological referent, we may see, a.s Jackson pointed out, 
in the behaviour of the convulsion beginning unilaterally. 
In this SVC have, not a normal sequence of movements, but 
a simultaneous “ contention,” a “ clotted mass ” of move- 
ments that should Iblloiv in sequence. Thus a conwh’ion 
may be rightly spoken of as a disorder of co-ordination 
in time. 

One other aspect of the punctate localization theory 
may now be discussed, namely, the notion that co-ordination 
in space, the building up of a movement-complex, normally 
occurs by a simple summation of units of movement. If 
we accept Jackson’s view that each normal acquired 
movement pattern has its own special representation, it 
seems unnecessary to suppose that tliis building up from 
elementary units occurs on every possible performance of 
such a movement, though in the formation of new move- 
ments some such process may occur. As already pointed 
out, we have no conclusive proof that the items of movement 
evoked by brief liminal electrical stimuli arc true physio- 
logical units of function, and there/bre no clear grounds for 
supposing that the excitable motor cortex is no more than 
a vast storehouse — or keyboard, to vary the analog)- — of 
hypothetical units of movement. 

If, indeed, all Uiat happens when we carry out some 
complex skilled movement of the hand is that this is built 
up ad hoc from unit components, in what does the learning 
of such a mo^’eme^t really consist? It must involve the 
laying down in the motor cortex of some permanent trace, 
or some more or less persisting modification of the physio- 
logical substrata of movements, and this is merely another 
way of saying that the movement is, in fact, represented 
in the cortex in its natural and complete form. 

It seems probable, therefore, that, as Jackson supposed, 
sucli a group of highly complex movements as those engaged 
in articulate speech are, in feet, represented as such in (he 
motor cortex. Theoretically, the matter may be looked at 
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in either of two ways : If the cortex represents only 
elementary' units of movement, then a norma! purposive 
movement complex results from a “ making up ” of units. 
If, on the other hand, we suppose such movement-complexes 
to be laid down as such in the cortex, then the item of 
movement we es'okc by a brief electrical stimulus results 
from a “ breaking up ” of this representation. There is 
something to be said ibr regarding the latter sequence as the 
more consonant with cortical function. Tliis involves a 
brief reference to Jackson's well-known theory of evolution 
of function in the ncr\'ous system, and some consideration of 
what is implied in the term “ integration.” 

Jackson’s three functional levels suppose a re-arrangement 
of the ner\*ous control of movement on each succeeding 
level. On the lowest level we have a ” centre ” in winch 
lie the anatomical and physiological substrata of a few 
movements of a restricted part. On the middle level (which 
he identifies with the motor cortex), a unit of function 
contains the substrata of a more complex series of movements 
of a wider field of musculature, while in the highest level 
each unit is concerned with a group of highly specialized 
movements of a still larger muscular field. Further, as we 
rise from level to level, we find not only the greater dificren* 
tiation of function outlined, but a corresponding increase in 
interrelationship between the units of the level. In other 
words, integration keeps pace with differentiation. It is not 
here possible to discuss in detail the clinical facts of obser\'a- 
tion that support this notion, for this the reader must be 
referred to Jackson’s papers on the evolution and dissolution 
of function in the nervous system. Perhaps the simplest 
way of exemplifying the differences between, let us say, 
the middle and highest Ics’cls, is to consider the results 
of destroying lesions. Hemiplegia is the characteristic 
c.\pression of middle ]c%’cl “ paralpis,” while aphasia, the 
loss of a highly complex category of movements wth the 
prcsers’ation of the action of the muscles involved when 
simpler movements arc in question, is one expression of a 
highest level ” paraly’sis.” Possibly, the immobility and 
lack of motor initiative of some eases of frontal lobe lesion 
may express another form of paraly'sis on the highest le\'el. 
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Here we have a cHminution of activity of the entire 
muscjjlature for the most highly complex actions. 

It is not in harmony with such a plan of philological 
oi^nizatioii now to’ suppose Uiat what is localized in a 
functional unit of the motor cortex is no more than a minute 
item of movement, involving a minima! field of muscles. 
Tills would be to reduce the cortex to the level of a spinal 
reflex centre and to deny it integrative function. 

Turning now to the eflect of destroying lesions, in so 
far as tlicsc throw light upon the plan of cortical motor 
representation, we find that both in man and in experi- 
mental animals there is a considerable and rapid restoration 
of motor function after local cortical lesions, but that this 
restoration . is not complete. For example, Bard {1938) 
finds that hopping and placing reactions are permanently 
lost after appropriately placed local ablations. In other 
svonis, compensation is not absolute. Nevertheless, on ih 
basis of the punctate loealizalion theory it is virtually impossible 
to account for any restoration at all. If, for example, the 
movements of the chimpanzee’s hand are really wholly 
and exclusively represented in the “area” apportioned 
to them by physiologists, how can there be any restoration 
of motor function in this member after excision of this 
representing part ? This restoration Is only to be accounted 
for on such a plan of fields of representadon as Jackson 
has postulated. Ablation of the “ hand area ” can be 
no more than the ablation of the focus of hand movement 
representations, an ablation still leaving intact numerous 
subordinate representations. These rapidly become called 
in to substitute for the movements lost, and up to a point 
they do so. Clinical experience shows clearly that this is 
precisely the state of affairs in man after local cortical 
lesions. The finest mov'cmcnts of leading parts are lost, 
but many simpler movements of these parts remain. In 
short, the effects of destroying lesions of themselves provide 
cogent evidence in support of Jackson’s view and re\’eal 
the inadequacy of the punctate localization theory. 

In conclusion, it is difticuU to see, on the experimental 
eM*cfencc avaifabfe to us, what other mode of repnssenfaf/on 
than that proposed by Jadcson can obtain in the motor 
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cortex. Mo\’ing parts must, in respect of their numerous 
and varied movements, have uidc representations, and 
cortical points contain multiple representations. Even the 
unphj’siological stimulus of a brief Hminal faradization 
commonly evokes not only a primary movement, but also 
secondary’ and tertiary movements in sequence. In Leyton 
and Sherrington’s list of over 500 recorded movements 
evoked in this way, we are struck by the frequency tvith 
svhich primary thumb and index movements arc followed 
by secondary tv’rist movements, and primary s\rist by 
secondary digit movements. These findings surely reveal 
the presence of multiple representations in a given cortical 
point, and their possession of diflerent levels of e.xcitability. 
It is probable that a still lingering tendency to think of a 
representation of muscles rather than of movements in the 
cortex is in some measure responsible for the continued 
acceptance of the punctate localization theory. Jackson 
himself said that “ the distinction between muscles and 
movements is e.xceedingly important all over the field of 
neurology. I think the current doctrine of ‘ abrupt ’ 
localizations would not be so much in favour if it tverc 
made ” (loe. at., Voh I, p. 421). 

It is therefore submitted that as in 1870 e.xperimental 
studies confirmed and amplified the /ael of a cortical 
representation of movements as inferred by Jackson from 
clinical obscrs’ation, so, later, the experiments of Sherrington 
and his co>workcrs have confirmed the validity of his 
inferences as to the mode of the representation. Widely 
as the methods of approach and the tcnninologics employed 
have differed, the facts are capable of harmonious synthesis. 

III. — ^The CHARACTERISnCS OF CONV’ULSIONS BEGINNING 
Unilaterally 

The many detailed descriptions of the different varieties 
of Jacksonian fit that are to be found in the writings of 
Jackson, Gorvers (1874), Mercicr (1881) and others during 
the period beginning at about 1870 reflect both the intense 
clinical and physiolo^cal interest these phenomena excited 
at the time, and the high Icvd of clinical observation that 
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cJiaractcrizccl (he neurology of the day, and make i(s litera- 
ture so refreshing a contrast to much etirrent clinical writing. 
Indeed, these pioneer observers left but little new to he said 
on this subject. In a recent paper Gordon Holmes {1927) 
has given an interesting general account of Jacksonian fits, 
and has raised some important points to which subsequent 
reference svill be made. 

In thb paper we are concerned solely with the variant 
of Jacksonian fit that arises in the motor cortex, the “ con- 
vulsion beginning unilaterally” of Jackson’s nomenclature, 
and a summary of its main features may be given. For this 
purpose it is conv'cnicnt to employ Mercicr’s (1881) scheme 
of the musculature. He divides the muscles into scries ; 
one series for each limb, one for the head and neck and one 
for the trunk. A limb scries stretches from the apex of the 
limb to its base ; the highest members being at the free 
extremity, the lowest at the base of the limb. In the upper 
limb, for example, the highest members of the series are at 
once the smallest muscles, and (hose having die most 
numerous and most special movements, i.e., the most varied 
ones. On the other hand, the lowest members of the series 
at the base of the limb arc at once the largest muscles and 
have the simplest and the smallest range of separate move- 
ments. In the head and neck, the muscles of the eyelids and 
those round the mouth arc the highest of the scries, those of 
the neck the lowest. The lowest members of all the scries 
are die muscles most often employed in bilateral movements. 
We may now consider seriatim the various aspects of die 
convulsion (cf. Mcrcicr, loc. cit.). 

1. Focus of Onset. — It is the rule, though not without exceptions, 
that the ft begins in Ike highest members of a series. Thus con- 
VTibions, beginning unilaterally, almost always start from 
one of three foci : thumb and index, angle of mouth, or 
great toe, in this order of frequency. Rarely, a focal con- 
vulsion may start in the lowest members of a series, e.g., 
in the muscles at the base ofa limb, but a convulsion starting 
at any intermediate situation is of e.xtrcme rarity. 

2. The March of the Convulsion. — The convulsion which starts 
in the highest members of the series, i.e., at the apex of the limb, 
lendr to ” march ” centripetal^ to the base of the limb, that is to 

[ 17= ] 



the lowest members of the series. The spread is a compound 
spread^ t.f., a spread both in intensity and in extension. It 
is not a mere passage of comulsion up the limb in which all 
the muscles become equally involved, or in which conwlsion 
ceases in the highest members of the series as those lower in 
the scries become involved. That is to say, the muscles 
first convulsed become so more severely as the spasm spreads 
to those lower in the series. Thus, in the case of the upper 
limb there is (i) spasm in muscles of thumb and index, 
(ii) more severe spasm in these muscles and sp.ism in muscles 
mo\ing the remaining digits, (iii) more severe spasm in the 
two groups already named, and spasm in some muscles 
moving the wrist, (iv) the spasm increases in the muscles 
already involved and more muscles moving the wrist enter 
spasm and some monng the elbow. Thus, step by step, the 
com-ulsion reaches the lowest members of the scries, the 
muscles moving the shoulder. 

nic next step, if spread continues, is the entry’ into 
cont’ulsion of muscles of other series. Thus, in the case 
already cited, the muscles of the hand and neck or those of 
the leg may become involved. 

It is the rule, again with exceptions, that when conrulsion passes 
from the first series — in which it has spread centripetalljf from the 
apex — to a second or further series, it begins in the lowest members 
of the new series. Thus In the passage of a conx’ulsion from 
leg to arm, the muscles mo\’ing the shoulder enter into spasm 
first, spread then occurring cenlrifugallj to the apex of the 
limb. The order of further spread becomes increasingly 
difficult to detect because it becomes increasingly rapid and 
tends to convulse the muscles of the series later involved 
almost simultancoulsy. The order of spread is as follows : 
unilateral muscles of side of onset, bilaterally acting muscles 
(chest and sometimes trunk) of both sides, unilaterally 
acting muscles of crossed side. In detail, the following is the 
sequence given by Jackson, in the case of a comailsion 
beginning in the (i) arm, thumb and index fingers and fore- 
arm, upper arm ; (ii) face, check drawn up, eyes deviated, 
head deviated ; (iii) leg, thigh, leg, foot and toes ; (iv) 
bilaterally acting muscles, temporals and masseters (clenching 
jaw), thoracic and abdominal muscles ; and (v) unilattrally 
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acting muscles of crossed side ; the sequence here may be 
difficult to follow, but arm probably enters into spasm before 
leg, the spasm is more nearly contemporaneous, of shorter 
duration and tends to he tonic. 

3. Altitude assumed bj Conoalsed Varts. — In virtually all eases 
the limb series initially Involved is flexor, so that an attitude 
of flexion is taken up, sometimes in the case of the arm 
with abduction and dcvaiion. Holmes records that forced 
passive extension of the arm in these circumstances may 
change the clonic spasm over to die limb extensors, the 
process involved may — ^it is suggested — be akin to that 
described by Magnus under the name of" Schallung.” 

4. The Extent of the Concufrion. — Spasm may remain 
restricted to the muscles initially involved, or it may spread 
to and remain within the limb series. In other cases all 
degrees of spread until the con\-ulsion becomes generalized 
arc to be met. 

5. The Rapidity of Spread.— ~Tho%t convulsions spread 
farthest that spread most rapidly, and there is also a 
tendency for fits in which the clonic convulsions have die 
fastest rhythm to spread fartlicst and fastest. There is an 
unbroken series of grades of convulsions from those that 
remain confined to the focus of onset, have the slowest 
rhythm and least intensity of con\ulsivc movements, and 
last longest, to those that spread so far and so rapidly that 
the comulsion appears to become uniiersal almost at 
once. Fits of all these grades may be seen in the same 
individual on different occasions, so that on one occasion he 
has an unequivocally focal or “Jacksonian” fit, and on 
another a generalized fit — svith loss of consciousness — that 
can scarcely of itself be dbtinguished from a fit of 
“ idiopathic epilepsy.” In this connection a statement 
of Mercjcr’s (j88i) is of interest. He says {loc. cit.) : 

“ In fits of deliberate march the spasm may be dirce 
or four seconds in. spreading from muscles of the highest 
order to those of the lowest, and seven or eight in 
becoming universal. In rapid fits, in svhich the con- 
vulsion appears to be universal from the very outset, it 
may be impossible to determine die point of origin 
except irferenlially by observing the part most affected. 
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Fits of deliberate march are usually due to ^ross disease of 
brain tissue, and it may even be said ^vith some approach 
to accuracy that the coarser the structural alteration the 
more deliberate the march. Thus the con\'ulsion whose 
outset is slowest of all are those arising from tumours of 
the brain.” 

6. Duration of Fit . — Those fits that remain restricted to 
the small group of muscles in which they arise, e.g., thumb 
and index muscles, tend to last the longest, and such an 
attack may last for many minutes or even for a considerable 
fraction of an hour. The faster and the farther a fit spreads, 
the shorter usually its duration. 

7. The Quality of the Concuhion, i.e., svhether the spasm 
is tonic or clonic. It is generally regarded as characteristic 
of the Jacksonian convulsion that it is clonic, but most 
observers have recorded the fact that it may be tonic at 
first, and for a few seconds, then becoming clonic. In 
general it may be said that the convulsion that remains 
restricted to a narrow field of musculature and is prolonged 
tends to be clonic from the outset, but the rapidly spreading 
convulsion may be tonic for a few moments before the 
spasm, begins to intermit, i.<., to become clonic.* 

8. Affection of Consciousness . — The convulsion that remains 
restricted to a single series or to the higher members of a 
series is not attended by any alteration of consciousness. 
Consciousness is lost in spreading convulsions, and at a 
stage which varies directly with the rapidity of the spread. 
Thus in a rapid spread, consciousness may be lost when a 
convulsion, starting in the hand and subsequently involving 
head and neck, enters the lowest members of the leg scries. 
In more slowly spreading attacks, consciousness may not be 
lost until the bilateral muscles of both sides become involved 
(f.g., trunk muscles). In yet others, consciousness is lost 
as the crossed limbs enter convulsion. 

* Pen£eld and Erickson (!'>}■) »utc that a con^'uls(On arising in the cortex 
is tionic, and 'fnat a tonic tinase is added Miiea *d]c giry matter 

becomes in\-ol\ed. Yet this can hardly be the case, either for cnmulsions 
beginning unUaicrally or for those that are generaiued from the start and 
show an initial loss of consciousness (idiopathic epilepsy). For in the former, 
tonic spasm not raicly precedes dome, and in the latter invaiiabjy does so, 
and from these facts we should liavc to assume — according to these authors 
— that all such fi« arise in subcorucal giey matter, the cortex being only 
secondarily invoKed. 
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9 - The Injluence oj Peripheral Stimuli on the Coneulrtoii 
beginning L/nilalerallji. — One of tlie most interesting phenomena 
of the Jacksonian commlsion, and one very early recognized, 
is the influence of peripheral stimuli applied to the part 
convulsed. It is less widely recognized that this influence 
may be in the direction of (a) increasing, as well as of (i) 
diminishing or abolishing the convulsion. In one of his 
early papers (1870, “A Study of Convulsions”) Jackson 
discussed the abolition, or inhibition, of the convulsion by 
various forms of peripheral stimulus, e.g., a ligature applied 
to the extremity in which the convulsion was apt to start, 
or a blister. Other modes of stimulus described arc violent 
rubbing of the part, powerful voluntary contraction of the 
muscles, etc. This is true not alone of Jacksonian, but also 
of the generalized fits of tlic so-called idiopathic cpileps)'. 

An interesting case is described by Buzzard (cited by 
Gowers, 1874) in which Jacksonian fits, associated with a 
tumour of the lejl cerebral hemisphere, began with panes- 
thesia: in the region of the left wrist (i.r., the homolateral 
wrist). When a blister was appbed to this region the 
" aura ” changed over to the right wrist, until the blister 
had healed, when it resumed its original situation. 

It appears to be a eommon chatecUr of all these inhibiting 
peripheral stimuli that th^ are of some duration, that is, they are 
persistent stimuli. 

In contrast to these observations arc those in which brief 
recurrent stimuli, to the part in which focal convulsions arise, 
precipitate the attacks. Jackson reports instances of the 
kind {loc. eit., pp. 2 and 7), and recently Gonlon Holmes 
(1927) has stated that “ many patients subject to Jacksonian 
epilepsy commencing in one hand, for instance, arc careful 
to shield tliis hand from injury or stimulation of any kind, 
and they frequently attribute a seizure to some irritation or 
accident to it. ... I liavc been able in certain cases to 
induce typical local spasms in a hand or foot by repeated 
stimulation of it. The most effective means is usually a 
long or regular series of tactile contacts witli a wisp of cotton 
wool, or von Frey’s liairs. Tlie attack induced usually 
commences with a few dome movements, or a cUrious 
purposeless restlessness, and may extend no further if the 
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stimulation is stopped ; sometimes, however, they spread 
and may in\-olvc the ^vholc of one side of the body. These 
movements start almost invariably in the part that is being 
tested.” BubnofF and Heidenhain and Frangois-Franck’s 
experiments, already cited, are of relevance here. 

We may say that rapidly repeated brief peripheral 
stimuli to a con\’ulsing part will initiate a commlsion, but 
nill not cut short one already started, and that a persisting 
cutaneous or deep stimulus to a convulsing part is more apt 
to stop than to start a conrailsion. 

In one personally obserxed case the facilitating and the 
inhibiting effects of peripheral stimuli were c.\cmplificd. 
At periods when the patient’s attacks were arising in the 
thumb-index, he found that tapping his wrist or his elbow 
against the edge of the table precipitated an attack, and 
he also found that an attack once started could often be 
cut short by Firmly grasping the right wrist with his left 
hand and maintaining the grasp for half a minute or more. 
Here different orders of stimulus (in the one case recurrent 
brief stimuli, in the other a single sustained stimulus) to the 
comiilsing part showed re\-erse effects — facilitation and 
inhibition. 

10. Olher Motor Concomitants of Convulsion Loss of Power. 
—A sudden loss of power in a part is a familiar feature in the 
range of Jacksonian attacks. It may on occasion be the 
sole manifestation, it may precede convailsion in a given, part, 
or it may precede convukion in another muscle series. 
In yet other cases, loss of power may characterize some fits, 
conwlsion others. Holmes (loc. cit.) reports such a case. 

11. Sensoiy Concomitants of Convubion . — In a considerable 
number of cases of convaikion beginning unilaterally, there 
are no subjective or objective sensory concomitants in the 
conioilsed or in other parts, but in not a few cases of the 
kind subjective sensorj' phenomena may precede or accom- 
pany spasm or loss of power. These may appear in the part 
Weakened or convulsed, or in some other part. Thus Jackson 
records the development of sensations of numbness in the 
hand to be followed immediately by clonic spasm in the face. 
This numbness may accompany xveakness of the part affected, 
or occur ivithout this. 
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In the ease already died numbness and weakness of the 
right Jiand may precede by a very few seconds Uic onset of spasm 
in the face, anci examination of the hand at this time — made 
on Several occasions by the writer — revealed not only impairment 
of purposive mo>’cmcnts of hand and digits, but also sensory 
impairment of cortical type (defective localkation of light 
touches, markedly raised threshold for compasses, impaired 
sense of position and error of projection in fingcr-^ng« test 
with eyes covered). Tliese defects, iV., loss of power and of 
sensation, persisted for from two to four minutes aher the cessation 
of (he longer attacks (which endured for as long as five minutes 
under observatipn). Appredation of the pain of pin prick was 
not impaired. 

In another case, one of Jacksonian convulsions beginning 
in the left great toe and spreading tip the leg, and sometimes 
to the arm, tlie patient was sul^cct to attacks of three grades 
of Severity. 

(i) The mildest attacks consisted of a feeling of numbness 
in the foot up to the knee, together with paresis of the limb, but 
no spasm, (u) More severe attacks consisting of stiffness of the 
leg which after a few seconds drew up donically, numbness 
accompanied these phenomena, (iii) Ine most severe attacks 
consbted of an onset of rigidity with inversion of tlie foot and 
flexion of die toes. Then the leg Jerked spasmodically and 
powerfully. The left arm was usually unaffected, but on some 
occasions it went limp *’ and she dropped whatever she might 
be holding in it. During and for a time after the attack the Teg 
felt numb and “ like a piece ofstrange warm flesh,” this sensation 
— together with paresis — lasting for as long as half an hour. 

In all these attacks, therefore, even in those in which 
no convulsion occurred, subjective numbness of the affected 
part was present. 

t2. Besidual Paresis of Convulsed Paris . — ^That the muscles 
engaged in a Jacksonian convulsion stibscqucntly show a 
transient paralysis was originally recorded by Todd, a 
phenomenon accounted for by Jackson in the st.-itcment, 

” Parts of the central nervous system are temporarily 
exhausted by epileptic (that is, excessive) nervous dis- 
charges,” and exhaustion has since been generally accepted 
as the explanation of ibis phenomenon, Jackson further 
pointed out that in character and in incidence, this paralysis 
has all the characters of that resulting from a destroying 


lesion of the “ middle lc\'eV’ that is, the parts ha\-ing the 
most numerous and most special movements at the greatest 
number of different times, i.e., the most varied uses, are 
those most severely affected, while the parts having the 
fe^vest special movements, i.e., the least varied uses, either 
escape or are relatively lightly affected, according to the 
severity and extent of the destrojing lesion. Thus he speaks 
of a Jacksonian comulsion involving the musculature of 
one side as “ the mobile counterpart of hemiplegia.” The 
implications of this view will be considered in a later chapter. 

The preceding summary embodies the main features of 
the “ comtdsion beginning unilaterally,” the Jacksonian 
con\uIsion, and tve may now proceed to viesv them in the 
light of Jackson’s h)-pothcsis of cortical representation, and 
that of the experimental obser\-ations and inferences already 
described. 

IV. — The Cortical Representation of Movements 
AS Exempufied by Jacksonian Convulsions 

The inference runs through all writing on tliis subject 
that the " march ” of a comulsion expresses a spread of 
excitation through the cortex from point to point, each 
point successively excited discharging the movement repre- 
sented therein. Jackson explicitly repudiated any such 
riew, though he admitted that spread of excitation, did occur 
in the more widely extending comulsions. The inference 
that a focal fit, becoming general in the musculature of the 
half of the body in which it began, involves a total dbcharge 
of one motor cortex is not one the facts allow us to make. 
The experiments of Um-erricht and of Dusscr de Barenne 
and Marshall, already cited, make it clear that spread of 
convulsion can occur even though the discharge may remain 
restricted to the original cortical focus — which discharges 
successively its content of motor representations according 
to their threshold of excitability. Further, a fit beginning 
in one hand and then spreading to arm, leg, face and chest 
muscles so as to produce a “ mobile counterpart of bemi- 
plegia ” has not the same pattern as a similarly spreading 
fit beginning in the hallux. The total composition of the 
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discliargc may be the same m the t%vo cases, but its pattern 
or constitution is not tlicsamc. We arc not dealing, therefore, 
with two total and identical discharges. 

We may conclude, therefore, that a spreading convulsion 
does not necessarily imply a directly proportional spreading 
cortical excitation. The field of convulsion (in the muscula- 
ture) is probably always much wder than the field of 
excitation (in the motor cortex), 

A Jacksonian fit that remains throughout restricted to, 
let us say, muscles moving thumb and index is a relatively 
leisurely clonus of moderate intensity and often considerable 
duration. It has neither the rapidity of rhythm nof- the 
intensity of convulsion that occurs In these muscles tvhen the 
convulsion spreads up the limb, i.e., it is probably not a 
total dbcharge of all movements represented in the cortical 
focus of origin. 

Therefore, the compound order of spread (increase in 
intensity as well as spread in incidence) is not readily 
explicable on the old punctate representation theory, but 
is explicable on Jackson’s hypothesis of representation. 

There is yet another feature of the Jacksonian convulsion 
not explicable on the punctate localization theory, namely, 
the fact that virtually every such convukion starts from one 
of three foci — thumb and Index, angle of mouth, great toe. 
There is nothing in the old theory that renders thb feature 
explicable, yet on Jackson’s hypothesis it is comprehensible. 
It is a reasonable inference from all that has been advanced, 
that the named topographical motor areas ” of the familiar 
cortical map of the physiologist represent no more than the 
foci of the main localization of the movements of the parts 
in question and not their total field of representation. In 
virtue of their vast range of movements, Jackson’s " leading 
parts ” have wide fields of representation. In other words, 
the movements of these leading parts have the most extensive 
cortical foci of nunimal threshold of excitability of all 
movements represented in tlie cortex. It is suggested, therefore, 
that Jacksonian fits have their three characteristic foci of onset 
h/fouje the xooi'etnenls fstnc/rned rue those that have the widest fields 
of low threshold excitability. 

There is a general assumption that when a local cortical 
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lesion provokes a comnilsion, the focus of onset of the con- 
\’ulsion indicates that the lesion in question necessarily lies 
wthin, or continguous uiih, the cortical “ area ” corre- 
sponding to the movements involved. Yet even cursory 
consideration of the pathological facts forbids us to entertain 
a notion so naive. There arc few known lesions so small 
and sharply circumscribed as to make a precise and exclusive 
localization of this oi^er possible — even the smallest 
astroc>'toma is alwa^’s much laiger than its visible extension, 
and it is impossible to suppose that pathological lesions in 
the cortex have some special aflinit)' for the thumb-index, 
angle of mouth or great toes “ areas.” 

Broadly speaking, it is probably true that a lesion near 
the vertex is likely to fire off a Jacksonian fit beginning in 
the great toe, and one near the foot of the precentral con- 
volution uall fire off a fit beginning at the angle of the mouth, 
but, nevertheless, nothing so fortuitous as the precise site 
and limits of the lesion uithin the motor region can account 
for the prevalence of the three foci of onset so tj-pical of 
Jacksonian fits. We must, therefore, turn to some quality 
inherent in the mode of cortical representation for an explana- 
tion of the plain facts. This quality is the mode of 
representation embodied in Jackson’s hypothesis.* 

A minor feature of Jacksonian fits remains to be men- 
tioned, namely, that (he order of spread is not invariablji that 
indicated on Ike familiar topographical charts of the motor cortex. 
Thus, spread from upper limb to face should be, on this 
basis — as Jackson surmized — from shoulder to orbicularis, 
but more commonly it is from shoulder to angle of mouth. 
Sometimes, also, the spread is from foot, through leg and 
thigh, to hand and not to shoulder, though the latter 
sequence is the more common. Yet another sequence occurs 

^ A characteristic of (he fits produced by die cortical venous angioma, in die 
writer's experience, b that the focus of onset of the Jacksonian fit varies frotn 
time to time in the same patient, be^innin^ most commonly in the hand, but 
sometimes in orbicularis j^pebrarum and sometimes in angle of mouth or in 
tongue. Again, for consideraUe periods, one focus of onset prevails, giving 
pbee then for a subsequent period of time to another focus of onset. This 
\-ariablc feature, together with the recurrent desriopment of fits which 
generalize so rapidly svitb loss of ccmsciousness that the focus of onset cannot be 
detected, is sub^tted as a differential diagnostic feature of value in the case of 
cortical venous angioma. In the case cJ tumour, the focus of onset tends to 
remain almost or quite constant. 
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in a recently ob^er\’cd case ; thus. Toot, Ic^, muscles of 
abdominal wall, angle of mouth, orbicularis palpebrarum, 
head and eyes (desnation), hand, arm, shoulder— loss of 
consciousness and general bilateral convulsion fono\vcd by 
transient residual hemiparcsis (left-sided). 

On the whole, attacks bc^nning in, and restricted to the 
face, appear to start in orbicularis palpebrarum, and thence 
by side of cheek to angle of mouth, tongue, jaw and neck 
(deviation of head) : that is, from highest to lowest muscles 
of the head series: Yet this focus of onset is not the invariable 
one. In so far as they have significance, these deviations 
from the pattern of the cortical chart of movements 
associated with the punctate localization theory are less 
difiicult to account for on Jackson’s hypothesis. 

Further, there is another feature of Jackson's hypothesis 
of cortical representation of movements to which no reference 
has yet been made, namely, that movements of both hah’cs 
of the body arc represented in the motor cortex of each 
hemisphere, but that — in respect of a single hemisphere — 
the representation of the movements of the two sides is not 
identical— and for the homolateral side is not so rich or 
varied. Tims, for him, a focal convuUion becoming uni* 
versalized, yet remains a discharge from a single motor 
corte.x. Unverricht’s experiment in this regard has already 
been cited, yet if a “ discharpeg ” lesion can produce 
bilateral convulsion, it follows that a destroying lesion in 
one hemisphere should produce more than hemiplegia : it 
should produce loss of movements on both sides, though 
possibly less severe on the homolateral side (j.e., side of 
lesion). Readers familiar \vith Gowers’ textbook (1893) 
will recall the author’s account of the impairment of move- 
ments and the increase of tendon reflexes invariably to be 
found on the side of the lesion in very or moderately severe 
cases of hemiplegia. It is not exceptional for a transient 
ankle clonus to be cvocable from the side of the lesion, but 
— as indicative of the different quality of the cortical repre- 
sentation of the two sides of one hemisphere — a homolatcral 
extensor response, or a homolatcral loss of abdominal reflex 
is not part of this bilateral affection that we call hemiplegia. 

Indeed, die clinician who has closely studied hemiplegia 
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in all its stages and grades of sc^•erity cannot escape the 
conclusion that there is some measure of impairment of 
movements — in cases of any sc\'crity — on the side of the 
lesion. This is perhaps more evident in trunk than in limb 
muscles, a fact that would accord with Jackson’s view that 
these are the movements possessing the greatest measure of 
bilateral representation. 

Hemiplegia commonly arises not from a destroying lesion 
of the cortical representation of movements, but from one 
involving the efferent projection path — the pyramidal 
sy’stcm — from this cortical region. Convulsion arises from 
lesions in grey matter, hemipl^a from those in white. 
The pjTamidal system is now known to contain appro.-ri- 
mately a million fibres, and their functional . pattern must 
stand in close relation to that of the cortical cells in which 
they arise. Just as the movements of the leading parts 
require for the representation of their movements a pre- 
dominant part of the motor cortex, so abo they call for a 
proportionate quota of the efferent pathway therefrom. 
Hence a partial destroying lesion of this pathway will 
produce the same pattern of movement disorder, loss of 
function in this case, that a stimulating lesion of the motor 
cortex produces. Thus, in hemiplegia we have a special 
inddcnce of loss in the movements of the leading parts. 

We may conclude, therefore, that just as the behaviour 
of a Jacksonian convulsion is not compatible with the classic 
punctate (and unstable) localization theory, so also the 
negative phenomena of hemiplegia arc not less irreconcilable 
with this theory and require such a mode of representation 
as Jackson postulated. 

It may be added that physiological literature contains 
many references to epileptiform convulsions of Jacksonian type 
evoked by strong or prolonged electrical stimulation of the 
cortex, and within recent years a most ingenious technical 
method has been devised (Fender, 1937) to produce these 
convubions at vvill, yet none of these descriptions approach 
in detail or precision the accounts current in clinical literature, 
no attempt has been made to draw inferences as to the 
mode of cortical representation from them, and hence they' 
add nothing to what we may glean from clinical sources. 
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Losi of Movmenis during and subseipteni to Jacksonian 
Attacks.— V^c have seen that sudden and transitory loss of 
movement may he the sole expression of a focal attach, or 
may precede spasm in the affected or in other muscles in 
an immctliatcly following convulsion. Jackson records 
several such eases, and Holmes has recently recorded one 
in which some attacks, loss of power, and on others, 
convulsion in hand and fingers occurred. 

In this connection the transient loss of speech that may 
precede a Jacksonian fit developing in the right face must 
be regarded as in the category of loss of power. It is generally 
believed that this is the only mode of speech disorder in 
Jacksonian fits, but two personally observed cases made it 
seem reasonable to assume that we may get convulsion 
in the muscles of articulation producing a vocalization. 
In one case the follosving sequence was recorded : — 

The fit begins by a sudden loss ofjpower in the right hand, so 
that he drops what he may be holding. In a second or two, 
during which time the hand and wrist go numb, and then pas-s 
into a clonie convulsion spreading up die arm to the shoulder, 
he finds he cannot speak and his ton^e seems to curl up against 
the roof of his mouth. He then utters a sequence of distinct 
“ O ’* sounds ((l>d<d«d-dK!^, and as this happens the mouth 
begins to be d^a^vn to the right and to quiver. 

A similar phenomenon of apparent articulatory spasm 
was noted on some occasions by another patient. 

It seems, then, that movements (those of the limb as 
svell as those of the muscles of articulate speech) may be 
suddenly paralysed, or suddenly put into spasm, or first 
paral)?cd and then convubed. 

There seems no escape from the conclusion that in these 
two distinct effects we are dealing with “ discharge ” from 
different cortical foci, from foci which inhibit movement in 
the first place, and from those that excite movement in the 
second ; and if we take this view the observation of Hines 
{loc. «■/.) and of Dusscr dc Barenne, Carol and McCulloch 
{loc, cil.) may have some relevance, and it may be suggested 
that the phenomena of inhibition of movement in Jacksonian 
fits afford some measure of confirmation to the nodon that 
tliere are cortical regions, immediately anterior to the 
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excitable motor cortex, that normally inhibit movement. 
Amongst the movements thus diflcrently treated it seems 
that wc may include those of articulate speech. 

It has been generally believed that the transitory’ paraly'sLs 
of con\-ulsed parts that ensues after cons’ulsion 'is due to 
exhaustion of the discharging foci, and in the stage of flaccid 
coma that ensued upon a major epileptic fit svith generalized 
consTilsion Jackson sees the eflects of a wdespread exhaustion 
of the highest level representation of movements in the 
cortex producing universal paraly’sis. To the objection that 
the comatose patient docs not move because he is un- 
conscious, Jackson returns the follosv'ing conclusive answer : 
“ I submit that it is not an intelligible explanation to say 
that the patienf docs not move because he is unconscious. 
^Vhy should he not mo\*e if unconsciousness svere all, his 
ner\'ous sy’stem being sound ? The fact is, he cannot be 
unconscious svithout having some negative physical condition 
of his nervous sy-stem answering to that negative psy'chical 
condition, and it is the central negative physical condition 
alone which we have to take account of in our explanation 
of his other physical condition of immobility ” {loc. ciL, 
p. 322). In short, the patient is unconscious for the same 
reason that he cannot move. 

Ne\’erthclcss, this irrefutable aphorism does not necessarily 
bind us to “ exhaastion ” of the highest centres as the valid 
explanation, and leaves it an open question whether here 
also, after generalized or focal comulsion, the loss of power 
that endures for seconds or minutes may not be due to the 
acthity of inhibitory cortical regions, or to “ extinction ” 
in other cortical regions normally excitable. 

V. — Co.SCLUSION’S 

The so-called “ classic ” theory of the cortical representa- 
tion of movements proposes a cortical mosaic of “ points ” 
in the excitable motor cortex, each of which represents a 
single small movement, sometimes one activating but tsvo 
muscles reciprocally. Leyton and Sherrington suggested 
that it is the function of the motor cortex as a whole 
to synthesize these fractional components into those 
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combinations and sequences of larger movements that 
characteristically make up the normal motor activities of 
the organism. They also pointed out that a given cortical 
point responds to stimulation in various way's, determined 
by the stimulation factors to which it is exposed. Tims a 
point that ar one moment yields no response may be 
responsive at another. Repeated threshold stimuli have 
two effects — they augment the responses from the point 
stimulated and may alter (“deviate”) the response from 
adjacent points j c\'cn rcv'crsal of response may be obtained. 
This implies an instability of localization, a breaking down, 
as Dusscr de Barenne puts it, of the relations bcltvccn cortex 
and musculature. There is yet another assumption in the 
theory, namely, that the item of movement revealed by a 
brief threshold stimulation of the cortex is a normal unit 
of co-ordinated movement. 

It is submitted that this theory docs not adequately 
generalize the facts of clinical or experimental obscr\'ation. 
These indicate that it is the normal movement combinations 
and sequences of normal activity that are represented, and 
this not on the plan of a mosaic of contiguous ” localizations,” 
but on a plan of tvide and overlapping fields, each of which 
has a focus wherein the movements of a given motile port 
are mainly, but not exclusively, localized. The variations 
in response of a given cortical point to stimulation are not 
due to any breaking down of the localization, but to variations 
in the threshold of excitability of the different movements 
“ localized ” at this point. Facilitation is the process 
underlying this variation, and deviation of response is a 
consequence of this facilitation. 

The phenomena of Jacksonian convulsions and of 
hemiplegia also afford support to the hypothesis of wdespread 
fields of localization that Jackson formulated, and arc 
inexplicable on the basis of the punctate theory of localization. 
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On the }{otion of the ** Discrete Movement ” in 
Willed Motion 
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Chapter IV 


On the Notion of the Discrete Movement’’ in 
Willed Motion 

“ The fitsl came of ebiutd caKhtnons I ascnbe to the uant of method; in 
that they begin not Iheit ratioeination ffom definitions,” — Thomas Hobbes 
(1588-1679), Leriatheai. 

It is, perhaps, those scientific notions that tve take most 
readily for granted, and receive upon authority with the 
greatest assurance, that are most apt to repay examination 
from time to time, and that upon occasion arc found wanting 
when brought to the touchstone of correspondence svith 
facts. The more abstract such a notion the greater the 
probability that this \sill be so. Further, in continued 
currency, abstract ideas seem to harden so easily into concrete 
facts, and mental constructs come to pass muster for natural 
phenomena. 

It is primarily to discuss a term and to assess the signifi- 
cance of an hypothesis that has become attached to it that 
this note is written, and as part of a clearing of the ground 
for a later consideration of the role of the pyramidal system 
in voluntary movement, to appear in a subsequent paper. 

In the physiological literature upon the cerebral motor 
cortex we may note the increasing use of the term “ discrete 
movement.” As far as I can ascertain, this made its original 
appearance in the classic paper of Legion and Sherrington 
(1917) on the excitable cortex of the chimpanzee, orang-utan 
and gorilla, -where it was used as descriptive of those frag- 
mentar>’ mos ements, e.g., of a digit, or of a segment of a 
digit, that are evoked upon the application of a punctate 
faradic stimulus of threshold value and of minimal duration 
to the excitable cortex oT the anjesthctized animal. 

Tlic character and the possible significance of the move- 
ments so named ^vere clearly expounded by these authors, 
and no examination of the expression would be called for 
were it not for the fact that it has recently come to be applied, 
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whliout any further dcHnitlon, to a phenomenon of a wdcly 
different physiological order, namely, to a particular category 
of voluntary movements (Tower, 1940, 1944). The ex- 
pression has therefore now come to have two distinct objects 
of reference, and the diflerence between these two is more 
profound if we hold with Foerster (1931), Fulton (1946) 
and Hines (1944) that what characteristically emerges from 
appropriate electrical stimulation of the cortex is a twitch of 
a single muscle or of a part of a single muscle, and not a 
movement in the sense that this implies some element of 
simple co-ordination (e.g., reciprocal innervation), than if 
we hold with Leyton and Sherrington (1917) that what are 
evoked in this way arc highly co-ordinated local items of 
movement. 

A confused and equivocal terminology is the fruitful 
parent of confused and equivocal thinking, and it b necessary 
to decide whether in a scientific nomenclature we can rightly 
use the expression “ discrete movement ** in this loose dual 
fashion, to ask in what degree the qualifying word is 
applicable to cither category so named, and in particular 
to consider whether , throughout the range of s'oluntary 
motor activity as we see It in the normal human subject 
any specific mode of mov'cmcnt occurs that can accurately 
be spoken of as ’‘discrete.” In other words, is there a 
physiological process corresponding to the idea embodied 
in this expression, or is the discrete movement an abstraction, 
a mental construct, and not a natural phenomenon ? 

These questions gain their importance in view of Tower’s 
(1940) hypothesis that it is a ** unique ” and specific function 
of the pyramidal system to mediate the " discrete ” move- 
ment, and that movements not of this category result from 
the activity of cxtrapyramidal motor systems. It will be 
seen, tlierefore, that we have here a clear-ait physiological 
and anatomical distinction between discrete movements and 
those deemed not discrete. 

At this juncture, dearly, some attempt at dcGnition of 
the terms “discrete” and “movement” is called for. 
“Discrete,” the O.E.D. tdli us, means “separate,” 
“distinct,” “ discontinuous ” and “not coalescent or con- 
fluent.” It will be noted that no dimensional qualification 
[192] 



figures in any of these defining tenns, and discreteness is 
nowhere expressly correlated with amplitude or size. 
Possibly, it may be thought that “ discontinuous and not 
confluent ” most precisely conveys what wc have in mind 
in the general use of the term “ discrete,” and clearly 
something that is confluent cannot be discrete. “ Move- 
ment ” might surely seem a term not calling for elucidation. 
In its general non-tcchnical sense any qualification it may 
require is supplied by the context in which it is found, but 
in physiology this looseness of usage is not allowed, and the 
word has come to connote, not merely a change in the spatial 
relations of some part, but also, as underlying such a change, 
a process embodying some element of neuromuscular 
integration, of which, perhaps, reciprocal innervation is 
the most fundamental and constant expression. 

Tedious as these prcfiminaiy considerations may seem, 
they arc essential if wc are to avoid, or at least to minimize, 
that misuse or equivocal use of terms, so much more common 
in the biological than in the physical sciences, wliich in the 
post has led to so much confusion of thought and to such 
long delays in the logical evolution of ordered knowledge. 
In the present connection, for example, if it were to be 
found that the ” discrete ” movement is merely an abstraction 
not corresponding to any observ-ed phenomenon, or the 
term so equivocal that no correlation between it and any 
observed phenomenon could be established, then vve should 
have to abandon the notion that it is a specific function of 
the pyramidal tract to innervate discrete movements, for 
it would have no meaning. 

The Response to Electric/VL Stimulation of the Motor 

Cortex considered as a “ Discrete Movement ” 

The fragmentary movements referred to by Leyton and 
Sherrington {loc. cit.) as being “ discrete ” are elsewhere in 
their paper characterized as “ fractional,” “ separable,” 
“ partial,” ** relatively small,” as “ local items of movement ” 
and as “ in themselves perfect movements ” : from all of 
which we may conclude that we are concerned with move- 
ments involving notably small fields of musculature and 
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occurring m the otherwise inert musculature of an anas- 
thetized animal. Yet in such a case only precise 
electromyography could tell us liow extensive is the field of 
muscular involvement, and this perhaps only svhen the 
musculature as a whole shows a background of tonic activity 
against which inhibition can be as readily discerned as 
excitation. Such studies have been attempted, for example, 
by Cooper and Denny Brown (1927) and, more 'recently,' 
by Bosma and Gcllhom (1946), though not precisely with 
this particular end in view. Tiicy afford no confirmation 
of the view that simple muscle twitches are in question, but, 
on the contrary, they confirm the complex nature of the 
motor response and its status as a movement, as originally 
recorded by Sherrington (1906). We may, therefore, define 
the “ discrete movement ” occurring in response to the 
electrical stimulation of the motor cortex as a process mplojing 
a small field of musculature and producing a simple phasic movement 
of a small mooahle part against the background of a phasically 
inert musculature in an anesthetized animal. It 'vill be noted 
that in this physiologist's usage a dimensional qualification 
of the discrete movement has crept in, and this movement 
has become small .ns well as separate. 

Before leaving the subject a further reference to tlie 
hypothesis that the response to cortical stimulation is a 
simple tsvitch is necessary. By means of modem methods of 
stimulation, for example, the thyraton, the condenser 
discharge and the sine wave current — the details of svhicb 
it is not here necessary to discuss — it has been claimed to be 
possible to obtain finer fractions of movement than were 
yielded by the simple faradic inductorium used by 
Sherrington and earlier workers. The twitch hypothesis 
of the nature of the cortical motor response derives mainly 
from studies made by these methods. Thus, W>-ss and 
Obrador (1937), working in Pulton’s laboratory with 
condenser discharges, obtained what they describe as a 
“short twitch,” and what Fulton {1946) speaks of as 
“ beautifully discrete responses.” But their analysis of the 
muscular response consisted only in simple inspection and 
palpation, and in a footnote in tlicir paper they state that . 
“ the term ‘ twitch ’ is used to describe a brief contraction 
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which may or may not be a twitch in the technical sense.” 
Thus the matter is carried no further, for both method and 
terminology lack the necessary' scientific precision. 

Hines also (1944) discusses this question at length, but 
ssithout any clear conclusions, and makes the following 
significant statement that “ the results of electrical stimulation 
of the precentral cortex do not demonstrate the ability of 
that region to produce movement per se ; rather, they 
illustrate what the neuromuscular mechanism can do when 
a current of particular form and intensity is applied to the 
cortical surface.” Here, in this flash of insight and 
candour, we find bluntly stated the narrow limitations of 
this experimental method, which, while it docs reveal the 
excitability and the motor function of the precentral cortex, 
does not tell us anything ver^- clearly of its ph>-siological 
organization. 

Nevertheless, even if adequate electromyographic 
studies do ultimately reveal that simple muscle twitches 
can result Ixom electrical stimulation of the cortex, we are 
still left with a muscular response which may be called 
discrete in that it consists in a simple phasic contraction 
of a small field of musculature against the background of an 
inert musculature. 

A point of some theoretical Interest arises here, for the 
view that both muscular twntches and movements can arise 
from cortical action opens up a long \ista of discussion about 
the whole problem of the physiological status of the motor 
cortex in the co-ordination of movement. It involves the 
conception of the pyramidal system ; the final product of 
the evolution of the motor system in the brain, as having a 
simple function of direct innervation of individual muscles ; 
a function not essentially different from that of the ventral 
horn cell of the spinal cord. It is hard to see how such a 
notion can be compatible with any view of the central 
nervous system as an integrated and integrating system, 
■aTii i\ Tiras'i study mvcAvc the oY ■mvith vhat 

is still generally accepted as firmly established and as 
fundamental in the teachings of Hughlings Jackson and of 
Sherrington. The relevant literature shows no sign of 
recognition that these implications are inherent in the 
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proposal tliat the motor cortex innervates muscles and not 
movements. 

Finally, before passing i© consider the voluntary 
movement as showing a specific “ discrete ” component, 
some reference should be made to the profound difierence 
between the motor response to electrical stimulation of the 
motor cortex and the voluntary movement. The method 
of punctate electrical stimulation is as artifidal and un- 
physiological a mode of activating the cortex as could be 
imagined, and to assume that we may directly compare the 
motor response e>’okcd by this means with a voluntarily 
induced movement h %nl}iout tvarnuit. If, despite the 
dangers thereof, we have recourse to metaphor, the evoking 
of movement by faradizing a point on the surface of the 
ccrcbnim is a kind of forcing of the mechanism, to be likened 
to the breaking open of a safe. Now we do not reveal the 
intricate workings of a cornbinalion lock by blowing a 
hole in the safe door or by levering this off its hinges. 
Perhaps by its very crudity the metaphor may 8cr\'e to 
direct attention to the great disparity between a voluntary 
movement normally mediate in the intact organism, on 
the one hand, and the response forced out of the cortex by 
electrical stimulation on the other. The various and variable 
factors that go to determine the characters of the latter 
response under experimental conditions have been dbeussed 
by Hines {loc. cit.), and abo the influences of the dificrent 
anasthctics employed upon die normal spontaneous activity 
of the cerebral cortex. It appears certain that hitherto we 
have argued from the results of stimvJation experiments 
to the normal functions of the motor cortex with a freedom 
that has taken too little account of the very abnormal 
conditions of experiment. Considerable insight and a very 
difficult task of interpretation and synthesis are demanded 
successfully to extract from such experiments any valid 
conception of normal function, and so far the attempt has 
been very imperfectly successful. 

The v'oluntary movement, to take but a single feature in 
which it dUTers from the cortical stimulation response, is 
initiated and controlled from its start to its consummation 
by a constant stream of sensory impubes of diverse sources 
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which reach the cortex. In the mediation of voluntar>' 
movements we can hardly think of a motor cortex, in the 
strict sense, but only, as clinicn! neurologists ha\'c always 
insisted, of a sensorimotor cortex. 

^Vc m.iy conclude, therefore, that even if we agree that 
the motor response to the electrical stimulation of the cortex 
is to be called a “ discrete movement,” this is wholly 
irrelevant to the quite separate question of whether the 
voluntary’ mo\’cment is ever “ discrete.” 

The Status of the ” Discrete Movement ” in 
Voluntary Motion 

As was mentioned earlier, the importance of the question 
of the discrete voluntary movement arises from the fact that 
Tower (1940, 1944) has proposed that ” the one unique 
function of the pyramidal tract ” is “ its minute control 
of discrete movement.” Throughout two very important 
and factually illuminating papers. Tower repeatedly returns 
to this theme in various and varied phrases, sometimes 
speaking of this function as ” the organized control of 
discrete movement,” sometimes as ‘‘ an organization for 
the discrete control of movement.” Conversely, loss of this 
function is said to eliminate all ” fine usage,” all ” discrete 
usage,” and to leave behind only ” a limited number of 
stereotyped components ” of movement. But even the 
latter are not left unimpaired when pyramidal function is 
abrogated, for they now show ” loss of initiative,” a raised 
threshold, and an absence of precision and aim. In Toiver’s 
riew these defects result from the loss of a secondary pyra- 
midal function of “ modulating ” these stereotyped 
components and of lending them speed and precision. It 
should be added, in conclusion, that the stereotyped 
components of voluntary movement are postulated as 
being extrapyramidally innervated. 

ft is not proposed in the present note to give any detai7ed 
critical study of this hypothesis as a whole, but its validity 
depends upon the phenomenal reality of a category of 
discrete movements, and this is the problem now under 
discussion. It will be apparent that this discussion hangs 
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stcrcolypcd components, making a confluent action in which 
discrete and stereotyped components are merged 
indistingiiishably.* 

But sucli an account, while it might save the antithesis 
between the two categories on paper, would abolish it in 
fact, for a movement which has become confluent is no 
longer discrete, while one that takes on the qualities of fine 
usage and minute adjustment has surely ceased to be 
stereotyped. 

The purpose of tius argument is to suggest that (i) in 
such a familiar action as typewriting two separate categories 
•of movement, discrete and stereotyped, cannot be dis- 
tinguished, and that (ii) in respect of all the movements 
making up the total action we note an equal measure of 
precision, of fineness of adjustment and of capacity for 
variation. 

It appears, therefore, that in our search for the discrete 
component in voluntary movement we sliall luave to abandon 
all the recognized me.'inings of this term, and to concentrate 
upon that emphasis on smallness that is a feature in the 
original usage of the term in physiology. For in this usage 
it is, indeed, the matter of size that is the significant one, 
and the quality of separateness or non-confluence is almost 
fortuitous, and dependent upon the fact that as a whole the 
musailaturc of the anasthetized animal under experiment 
is inert. Herein is a point that seems to have been overlooked 
by those who have carried over the term “ discrete ” from 

* How complex is the notion of “ modulation ” is best indicated by the 
following quotation (Tenver, 19441 p. 170) : *'The phasic or episodic function 
(of the pyramidal tract) appears as a specie c<Hitri)»tion to indisidual acts or 
performances, and oTien as the entire pmonnaoce. This enters into all somatic 
motor activity of any complexity to initiate it or to speed initiation, to confer 
upon it adjustability in space, winch b aim, and modsiial^ty in time or in the 
course of execution. It contribu tn the elements of precision, liability, and finish 
to stereotyped perfonnaiices. . , Thb is, ind^, a very slrilung passage, 
but, it may be submitted, it would prove extremely difficult to extract from it 
a clear idea in strictly icientifie terms and in rrcogiused physiological categoriet 
of the part p] 3 >ed by the pyramidal system in the co-ordination of movement. 
To enaow mis system with the tides oCa tiumber of attributes, as b here done, 
is not to analyse or Interpret its funciioiu. How, for example, can stereotypy . 
and lability inhere in the same niovemetit? How can dthcr quality inhere 
ffl a sfitgfe motwnear? Sttrefy tiew rerssw do r» AKWir thaw «r^esr 
of likeness and unbkenesa between the component units of a sequence of 
movTmenis. Indeed, it may be urged, that while this pt^age creates a very 
vivid impression in the reader’s mind, it ccmveyi no clear infonnation. 
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the experimental laboratorj' to the 'ttndy of voluntary 
movements. 

Let us now take a movement instanced hy Tower as a 
characteristic sample of the discrete movement, namely, the 
approximation of the tips of the thumb and index finger. 
Here svould seem to be a mo\-cmcnt as restricted as any to 
be found in the polymorphic range of voluntary' motion in 
man, and one displaying maximal delicacy of adjustment. 

If the observer, having completely bared his arm, holds 
his hand in front of himself and repeatedly makes the 
movement of bringing thumb and index finger tips together, 
he will be able, if the limb be sufiicicntly spare, to see in 
phasic action the muscles taking part in this “ discrete ” 
movement. He will obscrs'c that most of the muscles of 
the hand and forearm arc taking part, and that when he 
makes the movement forcibly so as to bring the digit tips 
into firm apposition, still more muscular action becomes 
evident, although the range of the original willed movement 
has not increased. In this movement we see, also, that other 
digits than thumb and index arc in motion. The middle 
and ring fingers show a synchronous flexion and extension 
of smaller range than index movement, but a motion quite 
incapable of being inhibited voluntarily. When the thumb- 
index apposition is forceful, the middle, ring and little 
fingers all go into synchronous flexion and extension. If 
now with thumb and index of his opposite hand the observer 
grasps the middle finger tip of the moving hand, he will 
feel as the rhythmic thumb-index apposition goes on that 
the middle finger strains to take part and cannot be induced 
to relax. In addition, muscles in the thenar eminence arc 
seen to contract, the flexors and extensors of the digits in 
the forearm, and also the wrist extensors in phasic synergic 
action. In brief, we arc dealing with a movement necessarily 
involving four or five digits, and, in the process, most of the 
musculature of hand and forearm, and the more we examine 
it the less discrete it is faund to he. If, now, using this 
nipping movement of thumb and index, we proceed to pick 
in sequence, and out of a strip of cardboard in which they 
have been stuck in a row, a number of pins — beginning to 
right or left of the row and proccetling to the opposite end, 
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an inert miisailatiirc, for» as Slicrrington (if)|G) lias praphi- 
cally expressctl it, “ to take a step is an aflair, not of this 
or that iimb solely, hiii of the total neuromuscular activity 
of the moment— not least of the head and neck.” Hines 
has put the matter equally forcefully when she says ” no 
N’iolin or piano was ever played with the fingers and hand 
alone.” Nor is all this implied background of movement 
to be disposed of as merely postural, as providing a medium 
against which the phasic movement stands out discretely, 
as it were.'. The illustrations given earlier in this paper shosv 
that this is not svholly so. Thus, the carrying over of the 
term ‘‘discrete mov-cment” from the laboratory to the 
description of voluntary movement Is invalid, lor the term 
is inapplicable.within this category of movement, and thus 
cannot be. made the basis of a hypothesis of pyramidal 
system activities in movement. In addition, sve have to 
stress the need not only of a precise, and precisely used, 
scientific terminology, but also that of distinguishing between 
abstract ideas and natural phenomena in our analysis, 
classification and interpretation of (he latter. In so far as 
voluntary movement is concerned, the dbcrcle movement 
is, I submit, a reified abstraction and not a natural 
phenomenon. It cannot Uicrcforc be a specific function of 
the pyramidal system to innervate discrete movements. 
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Chapter V 


On the Role of the lyramidal System in Willed 
Movements' 


“ In dtaUng with thnnticat lonsiJitaUntu (ontuntd uAlh Vu phjnologj 
of the nmimj ijslem, one if exetpitonallj liabU to ht muled bj precomatrd or 
inlrespeclictlj eiolred notions. ... Sjmmel^ and the desire for elassijuation 
are apt to be mistalen for phjsiohgital prirust'Us and we tend to drift into the 
error of supposing that toneephons tiiat ate clear art, easilje comprehensible and 
‘ reasonable,’ aejutre bj Inal leiy foe! an increased prgbabilitji of bang 
accurate fx^filisFu of the phystalogical ptoeesies they profess to explain . . . 
physiological necessitf is apt to defy oar ptteoncared notions of reasonableruss 
and la escape any elassificelion tchuh u more ttspectful of logic than of fact.” 

— WiLTRUD Trotteb, 19*3, J.f. Psychol, a. P>eatol., zo, 123 

That before a gathering of physicians I should propose to 
deal wth the physiology of ihc pyramidal system may 
seem to call for some apolog>' from me, yet, though ^^hat I 
shall have to say may well be of less importance than this 
meeting deserves, the choice itself can, I submit, be justified. 

It is in the tradition of clinical neurology that it should 
maintain the closest association with the physiological 
study of the ner\'ous system, and many are the noteworthy 
contributions to this science that clinical obsen,'ation has 
made. Yet, there is a special justification for considering 
the role of the pyramidal system in willed movements, 
namely, that the human subject provides better oppor- 
tunities for this study than docs the animal in the 
experimental laboratory. 

This may seem a surprising view, so modestly have we 
come to think of the clinical method in our time, but I 
am fortified in my belief by the following circumstance. 
When, recently, I began to p^it my ideas upon this subject 
in order, I ventured to mention my proposal to Sir Charles 
Sherrington, who replied to me : “ You choose a hard 
question, and one which the bedside is far better placed to 
solve than is the laboratory, I think. The pyramidal system 

‘ A paper read in abridged form before the Neurological Section of the 
International Conference of I’h)'s)cians, London, September 1947. 
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js such a liuman feature.** TItercupon he elaborated ihb 
theme uith that insight into neural function we have come 
to regard as peculiarly tlic gift of thb great physiologbt. 

Tlicrc remains yet anotlicr advantage in the choice of 
the human subject and the clinical method, namely, that 
any study of dborders of willed movement from pyramidal 
lesion demands from the patient a degree of co-operation 
that no animal affords.^ 

These considerations, therefore, and others as good that 
could be adduced, arc my apology for my subject to-day. 
It remains to ask how the problem is to be tackled. As 
clinicians we turn naturally to the observed phenomena of 
normal mo\’cmcnt, and then to those of hemiplegia as the 
classic expression of pyramidal deficit : embracing in our 
survey liemiplcgias of every degree of scs’crity, hemiplegia 
with and without associated changes in muscle tone, hemi- 
plegias from cortical and from subcortial lesions ; developing 
iiemiplcgia and recovering hemiplegia and so on. Again, 
we shall have to consider the recorded results of animal 
experiments : of conical stimulations and abJations, and of 
sections of the medullary pyramid. 

DfinNmoN Of the Terms “ Pyrasudal '* Ajro '* Extra- 
pyramidal ” AS APPLIED TO NeURON'E SYSTEMS 

Tliere can be few terms in neuro-anatomy and neuro- 
physiology more in need of precise definition. A number of 
assumptions has grown up around both, the tacit acceptance of 
wliicli has confused many a physiological exposition. Tlius it 
was long taught that the pyramidal tract arose exclusively from 
die UcU or giant cells of die precentral convolution, and that the 
cells so named possessed an anatomical and physiological 
specificity.* Both a^umptions are now at last dispelled, and, 
in ihcir fall, have badly shaken those nhsTioIogical hypotheses of 
motor cortical function which depenaca for a foundation upon 

• Ter example, Sarah Tower Offlo) spnka of '* ihc limits set upon minute- 
ness of exaftiinatioit by ib« unc(M>pcralivc monVey,” and again (iMf) site 
notes that the hemiple|;ict.hunpanzee aflrr pyramidal lesions “ is extraoratnarily 
unstable in mood, ssvutging from untimnageabte URCO-operativeness to equally 
unmanageable co-operativeness.” 

*It is interesting to note that as long ago as i88i,Bevan Lewis, the pioneer 
of cortical cyloarchitectoiiici, expressira the view that the “ giant cells *' 
described by Bcu did not consijtuleaspedEciDoipholcigical caiegory, but were 
merely the largest representatives of a general formation of cells of wider 
dolribulion ilian Bets aifinned (</i ffreut, 4, *38). 
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their reality. This aspect of the problem of the identity of the 
p)Tamidal s^'slcm has already been discussed by me clsc\vhcrc 
(Walshe, 1942 (b)), while Tower (1944) summarized the 
latest details of the origin and constitution of the p> ramidal tract. 
It b not necessary, therefore, to cover this ground anew. \Vhat 
is here referred to as the pjTamidal system arc those corticospinal 
fibres which arise from pyTamidal cells in the fifth layer of the 
precentral cortex, and, traversing the medullar)- pyramid, 
decussate or remain uncrossed and make up the crossed and 
uncrossed p)Tamidal tracts respectively of the spinal cord. It is 
possible tliat these fibres in their course from cortex to medullary 
pyramid give off collaterals which establish anatomical con- 
nections and physiological relations witli subcortical masses of 
grey matter. If this is so, then the pyramidal s\-stcm bclo^s tlie 
medullary p)Tamid has a more restricted constitution than it has 
at higher levels. 

It might follow from this that variations in range of function 
are involved : the higher part of the pyramidal s)-stcm which 
con^ns fibres in addition to those which are corticospinal 
haring a wider ph)-siological rule than that subscrv-cd by the 
latter fibres which cortstitute the medullary pyramid and the 
p)Tarmdal tracts of the cord. To mention these possibilities is to 
indicate the incompleteness of our knowledge, not only of the 
philology but even of (he anatomy of the pyramidal swtem. 

, pie term " cxtrapyramidal ” though of comparatively modern 
ori^n has also had its vicissitudes, its referents being so oAen 
changed that it is now necessary to define it upon each occasion 
of We. In his classic paper on progressive lenticular degeneration, 
Kinnlcr Wilson used the term in connection \rith both alTerent 
and efierent pathwa )-3 including a ccrcbello-rubro-thalamo- 
cortical and a lenticulo-rubro-spinal path within the category 
of Cxtrapyramidal pathwa)- 3 . In the early years of the ccnlur> , 
Rothman appears to have used it for paths efferent from tlie 
cerebral cortex other than the p)-rainidal, but later, the term 
became restricted to certain subcortical efferent 5 )stems, namely, 
the basal ganglia and their projection paths. Its renew^ 
extension to refer to pathway's arising in, and efferent from, tlie 
precentral region of the cortex b a more recent development. 
•n the present paper the term “ exlrapjeramidal ” refers to eferent cortical 
f^fone ^■stents other than the pyramidal, and also to all subcortical 
W^ent neurone ^sterns that subserve movement. 

I . — Some General PtusciPLEs of Study 
Before tve plunge m medias res and proceed to consider 
the relevant clinical and experimental data, let us for a 
few moments dwell upon some general principle that should 
govern our approach to the pmblem brfore us. 
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IVJicthcr of clinJcal or otpcriWenlal origin onr data arc 
in large part die results of lesions of Ihc nervous system, 
and it is essential to appreciate at the outset that the deter* 
minalion of normal function from the study of the symptoms 
of lesions is a very complex affair. TIic failure to grasp 
this underlies the many unsatisfactory hypotheses of nenous 
function that obtain currency. If, for example, tremor 
ensues upon a focal and destroying lesion of some part of 
the brain, ,wc may not conclude Uiat the function of the 
part dratroyed was to inlitbit tremor. It might be thought 
tiiat no one U'ould propose so naive a hypothesis, hut ft is 
precisely this idea that was invoiced by Uamsey Hunt 
(1917) to account for the tremor of the Parkinsonian 
6>’ndromc. Nor was he in any way unique in hb point of 
view, for speculations of ihb older abound itt neurological 
literature in respect of many encephalic stntctures and 
their functions. 

Many of us can recall lliose analyses of cerebellar ataxy 
tliat were current in the early yean of this century, whidi 
proposed, on the one hand, that the atonia and asthenia of 
cerebellar ata.\y sverc due to loss of a nonnal tonic or sthenic 
action of the cerebellum upon neuromuscular activity, 
while, on the otiicr hand, the overshooting of the mark by 
the hand and arm of the otaxic subject when he stretched out 
to grasp some object, the so-called dysmetria, was attributed 
to the loss of a normal “ braking ” action of the cerebellum 
upon the same neuromuscular activity. 

Nothing, indeed, could be easier than this facile ad hoc 
creation of a fresh function to explain eacli manifestation 
of disordered movement revealed by each different clinical 
test, but it is not physiology. 

The inadequacy of ibe kind oTsymptomiiUcrprcta lion we have 
been ^scussing may perhaps be most dearly illustrated fay a 
mechanical analogy, as apt in its way as an analogy can be. In 
tlie transmission system of a motor car, two toothed and bevelled 
whe^ engage at right angles. If, as may happen, a tooth or «g 
on one of these wheels breaks at the point in caclt revolution 
at svluclj the gap left by the lost cog m«ts the other wheel, 
there is a Jar ancf a noise. We tnlglit ihcrc/bre argue tfiat since 
less of a cog is followed by a nmse, it was the “ normal function ” 
of that cog to prevent or " Inhibit ” the noise. The cog may 
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then be said to have a dual function : it transmits force and it 
inliiblts noise — and our analog^’ is well-nigh perfect. Thus, baldly 
stated, the proposition is manifestly absurd, yet it typifies a line 
of thought to ^vhich the literature of ncurolog>' is no stranger. 

It is clear, tlicn, tliat such movements as we may obscr\ c 
after some component of the motor ta,\is of the organism 
is out of action, arc the resultant, the sum, of the combined 
acti\-ity of the components that remain intact. For example, 
cerebellar ataxy is tlic disorder of uillcd movement which 
ensues upon a falling out of the cerebellar component and 
it e.\prcsses the activity of what is left of the neural mechanism 
— it is the product of the attempt at compensation for the 
lost component. This notion implies, in turn, that the intact 
mechanisms arc themselves modified in their activity under 
these abnormal circumstances, and thus a fresh complicating 
factor is introduced in the attempt to infer the nature of 
cerebellar function from the obscn aiion of what is called, 
somewhaft misleadingly, cerebellar ataxy. 

It is this same order of complexity that must invest the 
attempt to deduce pyramidal functions from the obscr\-ation 
of such uiUed movements as remain after pyramidal actisity 
has been lost. It is many years since von Monakow (1917) 
emphasized the difficulty of “ localizing function ” from the 
study of the symptoms of lesions, and recently, Lasliley 
(*937) has made it clear tliat this involves the use of intel- 
lectual processes somewhat more involved than those 
commonly thought sufficient to the task. 

My second general point is this, that we shall do well to 
consider something of the circumstances in which the 
pyramidal system has evolved. I do not intend to embark 
upon an erudite phylogenetic or evolutionary study, but I 
believe that we may hope to get a lead as to the essential 
quality of pyramidal function by considering the place this 
system occupies in the Imman brain as evolved. 

Seeking for some way out of that state of muddled sus- 
pense that is the first stage of thought upon any unresolved 
problem, I turned, as I have always turned, to Sherrington’s 
Integrative Action of the Nervous System,” to find, as I 
have often found, what seems to me the point of view essential 
to the right approach. 
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In the illuminating ninth chapter of that magnificent 
book, entitled “ The Pfaj-aological Position and Dominance 
of the Brain,” there lie implicit, when not indeed explicit, 
the clues to the solution of many current problems of 
ncuroph)’sioIogy. 

There we have presented to us a conception of the 
nervous sptem in which tlte entire edifice is reared upon 
two neurones, the afferent root cell and the eficrent root 
cell. The two form the pillars of the fundamental reflex 
arc, and on the junction beiu'ccn (hem arc superposed, 
mediately or immediately, all the other neural arcs, even 
those of the cerebral cor tex itself. 

It is the receptor neurone which is the driving force, and 
in particular the distance receptors that are the great 
” initiators of reaction.” It is round the central endings of 
fficir afferent patliways that the cerebral cortex has been 
elaborated, and it b characteristic of the distance receptors 
(hat they tend to treat the musctilature as a whole, and to 
engage it in tong sequences of movement that arc anticl* 
patory of, and lead up to, later and consummatory es'ents. 
In this task, the distance receptors have axtensive inlernuncial 
paths, paths common to arcs that have arisen indirectly 
from receptors of various kinds. 77ie p^yramiJal Iract it, on 
tke efferent tide, the prhteipal path of this order, reaekxtig Us greatest 
im/or/<w« in man. 

Thus we come to the idea of (he pyramidal system as (he 
path by way of which the receptors, in particular the distance 
receptors, can aclis’atc and direct movement. It is (lib 
notion of directing of movement that seems to me so essential 
to an appreciation of the role of the pyramidal system, and 
I cannot do better tiian to quote what Sherrington says in 
this matter, thus t ” The series of actions of wliicli the 
distance receptors initiate the earlier steps form series much 
longer than those initiated by the non-projicient. Tlieir 
stages, moreover, continue to be guided by the projicient 
organs for a longer period between initiation and consum- 
mation. 'fhus in a positive phototropic reaction the eye 
continues to be the starting p)ace of the excitalhn, and in 
many eases guides change in the direction not only of the 
eyeball but of the whole ammal in locomotion. . . . The 
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mere length of their steps and the ucissitudes of relation 
between bodies in motion reacting on one another at a 
distance conspire to give to these prccurrcnt reflexes a 
mnltiformity and a complexity unparalleled by the reflexes 
from the non-projicient receptors.” Later, he says : 
” Locomotive progression and distance receptivity are two 
phenomena so fundamentally correlated that the physiology 
of neither can be comprehended without recognition of the 
correlation of the two.” 

Very recently the same theme has been taken up by 
Adrian (1947) in his Hughlings Jackson lecture, where he 
observes that ” purposive acts, therefore, must be moxtlded 
like the movements of walking, by the controlling afferent 
patterns which are set up as the act progresses.” 

The words I wish especially to draw attention to here are 
the final ones, set up as the act progresses.” 

Bartlett, also, in his recent OHver-Sharpey Lectures on 
the measurement of human skill (1947) emphasizes the 
same point, saying “ graded action, however simple it may 
be, has at least one of the fundamental marks of skill — an 
effector response is not merely set off by a receptor function 
but is guided and determined by it. The receptor functions 
that arc important in the case of skilled behaviour . . . are 
always of that kind which claims to register something that 
is going on in the outside world. So they come to be 
particularly identified rvith the operations of the special 
senses, and especially of those distance receptors which are 
the basis of tremendous development of the central nervous 
system. Skill, then, whether bodily or mental, has from 
the beginning this character of being in touch with demands 
which come from the outside world.” 

The pjTamidal s^^tem is the one through which this 
guidance is exercised, not in any capacity of initiator but 
in that of an internunciaJ path. 

Germane to this view of pyramidal function are the 
many experiments that have shown how the cutting off of 
afferent impulses from the receptors profoundly reduces 
the spontaneous activity of the animal. Mettler (1935) 
and his co-workers found that the decorticated dog seemed 
unable to initiate movement or to cease a movement once 
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initiated, anditlicy ennehide that this initiating hinction Is 
mediated by the pyramidal system. Bard and Rioch (^937) 
found the same lack of spontandty in the decorticate cat, 
a lack in direct proportion to the loss of afTerent pathwaj-s 
to the cortc-x. Otlicr e.xnniplcs could be cited from the 
abundant literature on the subject. 

We may therefore conclude that receptor activity, 
including both distance reception and proprioception, is so 
essentially correlated wih pyramidal function that the 
physiology of the latter cannot be comprehended apart from 
the recognition of this correlation. 

In all these circumstances it is, I submit, a fair criticism 
of much modem thought upon the excitable motor cortex 
and the pyramidal tract, upon mctliods of stimulation, 

ablation and section, that it has considered both in so 
complete an isolation irom the rest of the nervous system, 
that llic essential importance of the sensory side of Uiat 
system has been forgotten. Further, this abstraction of the 
part from djc whole tends also to obscure die significance of 
the part abstracted, and in this instance has led directly 
to the attribution to the pyramidal system of functions 
which, as an intemuncial system, it could not fulfil. Uius, 
Tosver endows the pyramid.^ tract with “ full responsibility ” 
for the discrete control of movements, and holds that in 
virtue of its “ discriminating qualities ” it affords the cerebral 
cortex the latter’s effectiveness as “ an agent of choice.” 
Surely, to take this view is to put tl>e cart before the horse. 

It is essential, therefore, to stress the importance of the 
idea of the receptor system as initiating and directing u-illed 
movements, in contrast to the widespread assumption that 
we may usefully contemplate the physiology of movement 
as .starting ,ab imlio from a meclianically conceived 
“keyboard” in tlie motor cort«. This point of view 
derit'es from a still earlier assumption, namely, that we 
may regard the highly artificial phenomena ensuing upon 
electrical stimulation of the cortex as reproducing the normal 
activity of tlie brain in initiating and directing willed 
movements, or at least as not diflering from this in a degree 
or, manner callingupon us lor any intellectual exegesis. The 
willed movement, the ” prccurrent” reaction as it so commonly 
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is at its start, is not characteristically predetermined in form, 
duration or complexity, for it is moulded throughout its 
course by impulses deriving from the visual, extero-rcceptors 
and proprioreceptors. It b thus profoundly unlike the 
motor response to electrical stimulation of the cortex. 

It would seem, therefore, that we may look upon the 
pyramidal ar on inUmuncial, a common, pathway by 

which the sensory ^sUm initiates and continuously directs, in willed 
movements, the activities oj the nenrotis motor mechanisms. Tliis 
sensory afflux b a condition of ualled movement, and unless 
we consider both in association we cannot hope to see the 
purpose of either. 

Having criticized some modem thinking upon pyramidal 
functions for considering these without due regard for what 
has been left out of the abstraction, it would ill become me 
to fall into the same error. This I should be doing were I 
to make no reference to the psychological considerations 
involved in the use of the term “ willed ” as applied to 
movement, and developed my argument as though willed 
movements were simply and immediately responses to 
sensor)' stimuli. An “ educated skill,” to use Bartlett’s apt 
e.\pression, b a psychophysical process or e%'ent, and between 
the impact of sensory impubes upon the cerebral sensory 
mechanbms and the motor reactions He processes of choice, 
selection, judgment and timing which, while they have their 
concomitant physiological processes, belong also to the realm 
of the mind. There b motor behanour, too, that, while 
its performance demands sensory direction, b initiated by 
no dbcoverable present sensory stimulus, but derives from 
mental processes. 

It b not a part of thb attempted formulation of an 
hypothesb of pyramidal function that I should even enter 
thb complex and difficult field of dbcourse. Let it suffice 
that sve recognize that in the definition just given of the 
role of the pyramidal system there has been omitted from 
expHcit consideration the psychological aspects of what is 
involved in the term ” willed ” as applied to movements ; 
that but a fraction oftbe total problem of movement is being 
considered, and that we recognize that svilled mo\ ement b 
not simply a response to sensory stimuH. 
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In the light of Sherrington’s c6nccption of the pyramidal 
system, we may now see it in its due relation to the sensory 
side of the ncr\-o«'f system. We can no longer continue to 
regard it as something enjt^ing a most iinphysiological 
autonomy within the ncr\'ous system, nor as possessing 
" discriminating ” functions whicli arc the properties of 
synaptic fields but not of conductors. 

II. — ^Hemiplecm as a Basis tor toe Study of 
PYRAimiAL FlfNcmoN 

The value and tlie unique quality of hemiplegia in the 
human subject as the material of study in our present 
connection can hardly he over-estimated. They consist in 
the infinite gradations of defect of pyramidal function 
which hemiplegia presents to the clinical observer, in the 
slow recessions an<{ die gradual developments of tlic state he 
may observe in his patients, in the stable residual states of 
all degrees of severity that are available, and finally In the 
degree of tliat essential co-operation between subject and 
observer upon wlucli any refined analysis of ivillcd movements 
must rest. In all these respects the dinician is more favour- 
ably placed than the experimental worker on animals, 
whose lesions are all acute, whose ablations and sections are 
irreversible, and svhosc subjects cannot really co-operate.* 

I suggest, therefore, to this audience of clinicians that we arc 
in a tmique position to contribute signally to the study of 
pyTamidal function, and to liave confidence in our findings 
as of crucial significance. 

(i) The Dual Ckaraeler gf HmiJiUgta 
' 'In considering whether we arc to equate hemiplegia, as 
we' encounter it clinically, svith pure pyramidal defect, we 
have' to remember that it includes not only loss of wiled 
movements, but also, in most instances, numerous posiiis’C 

• The experimental produrifon of slowly progrcMive hemiplegia has not, as 
as I am aware, Wen attempted, but there: it a method by which it might 
nossiUy be achieved, Mmely, by im^ntolioninsome ehmen site in tlie cerebral 
hemispnere of an animal, ofa smau hydatid e^-st, which fay its growth would 
repi^uce the slowly progressive lesion of human pathology. It is conceivable 
that by some such means the raom of phydolosical analysb of terebral function 
bf the experimental method might be extendi 
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or " release ” manifestations, namely, increased tendon 
reflexes, clonus, hypertoniis, and upon occasion the tonic 
neck reflexes of Slagnus and dc KIcijn (Simons, 1923 ; 
Walshe, 1923). When wc consider the variability of these 
components, it is clear that for the clinician hemiplegia is 
far from being a uniform state. The question arises whether 
all these phenomena, negative and positive, are the con* 
sequences of abrogation of p^xamidal action. Is it possible 
that some at least of the positive symptoms may be due to 
release of segmental motor mechanisms from the control 
of some other efferent path descending from the cortex, a 
path put o\it of action by the same lesion that has involved 
the pyramidal system ? In other words, arc two ncgati\’e or 
destroying lesions concerned in the production of the typical 
residual spastic hemiplegia, one pyTamidal the other 
extrapyTamidal. 

It was long assumed by clinical neurologists that 
pyTamidal defect by itself accounted for all the phenomena 
of hemiplegia, negative and positive alike, and the dual 
character of hemiplegia svas expressed in the simplest possible 
form of the familiar Jacksonian doctrine of release of function. 
Many years ago, however (1919), I suggested that we might 
have to modify this \iew, on the basis of certain clinical and 
experimental findings, and to entertain the possibility that 
negative lesions of two descending systems might be in 
question, that loss of movements might ensxic from the 
pyramidal lesion and that some at least of the positive 
symptoms might express release of subordinate motor 
mechanisms from a second descending pathway* and neuronal 
system.^ By clinico-pathological study it has never been 
possible to resolve this uncertainty, for disease and injury 
in man do not provide us with clean sections of the medullary 
pyramids, and w’e have to allow that in all lesions producing 

• From what haj been said earlier erf’ the possible tlilTerence in constitution 
of the pyramidal system above and bdow the Icwl of the metiullary pyramid, 
and also because ’* exirapyramidal ” efferent fibres of motor function arise 
within the limits of the excitable motor cortex, it is clear that we cannot equate 
a lesion of the motor cortex with tme of the pyramidal tract at or below the 
level of the medullary pyramid. Thus, three elements may be invoUed in a 
destroying lesion of the motor pathways between the pre-Rolandic cortex and 
the medullary pyTamid, namely, direct cortkospinal fibres, collaterals given off 
by corticospinal fibres, and exirapyramidal efferent fibres of cortical origin. 

[=> 7 ] 



spastic paralysis, whether hemiplegia or paraplegia, it is 
possible that cxtrapyramidal as svell as pyramidal fibres 
may be involved. 

Further, clinical study has taught us (i) that there is in 
hemiplegia no constant direct relation between the severity 
of loss of willed movements and the degree of hypertonus 
present, (ii) that we frequently encounter marked increase 
of tendon-jerks where there is no unequivocal increase of 
tone, (iii) that associated movements (tonic reactions) arc 
not seen save in the presence of marked hypertonus, and 
Magnus and de Kleijn tonic neck rcllcxes are not constantly, 
or even commonly, found, even in the presence of such a 
degree -of hypertonus. That these components should show 
such variable relations to one another docs point to the 
operation of more than a single factor in the production of 
the familiar picture of spastic reridual liemiplegia, and thus 
far does support the speculation expressed by me in 1919. 

Wc must turn, therefore, if we are to resolve this un- 
certainty, to those cases of e.xpcrimentalJy caused hemiplegia 
in which the lesion is section of the medullary pyramid in cat, 
dog and monkey (Toiver, 1935, 1940, 1944 ; Marshall, 
1934 ; Ranson, 1936 ; lidddl and Phillips, 1944). In cat 
and dog there is some degree of increased tone of e.xtensor 
Incidence in the limb muscles. Tower describes this as 
‘^stiffness” but provides an argument, not easy to follow, 
for regarding this stiffness as being merely an absence of 
flexor activity : thus preserving her thesis tliat the picture 
of pyramidal lesion in the cat is a purely negative one. 
However, Marshall, Ranson, and Liddell and Phillips all 
agree that hypertonus is a constant feature of pure pyramidal 
section in cat and dog. 

In answer to the question : “ Is the syndrome of pyramidal 
defect one of purely n^ative character without any release 
phenomena in the case of monkey and chimpanzee?” 
Tower replies with a categorical affirmative. ** In the realm 
of motor function,” she reports, “ the condition is unques- 
tionably one of deficient function, without phenomena of 
release,” and putting the matter conversely, says, ” dicrc 
is no evidence of inliibitory function ” of the pyramidal 
system. 
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As in the ense of her study of the cat, however, this 
conchision is not quite in accordance with the facts she 
describes, for she records a proprioceptive grasp reflex in 
both monkey and chimpanzee (“ emphatic ” in the latter) 
and a Babinski plantar response in the chimpanzee. 

Now if, as is generally agreed, we regard the tonic grasp 
reflex as a proprioceptive reaction (^Valshc and Robertson, 
1933 > Walshe and Hunt, 1936), and the Babinski plantar 
response as an integral part of a phasic nociceptive flexion 
reflex (Walshe, 1915), then we have as a sequel to a pure 
destroying lesion of the p^Tamidal sy’stcm in these animals 
release manifestations in both the tonic and the phasic 
fields of motor reaction. Further, Tower reports that in the 
hypotonic musculature of the hemiplegic monkey, tone is 
influenced by posture, and is increased in the anti-grawty 
muscles when the animal is standing. How this variation is 
to be accounted for if not by tonic reflexes of the order 
described by Magnus and de Kleijn is not clear, and these 
must surely be release phenomena. 

It is surprising in these circumstances to find Denny* 
BrouTi (1945) obser\ ing that “ the final blow to the clinical 
conception of disorder of the ‘ pyramidal system ’ was 
delivered by Sarah Tou'cr in her classic description of the 
monkey after section of the pyramid in the medulla.” 

Plainly the obituary is premature, for the evidence 
remains in favour of a dual symptomatology in hemiplegia 
due to pure pyramidal lesion, though it does not exclude 
the possibility that some part of the positive manifestations 
may be due to release from the control of cxtrapyramidal 
systenLS of cortical origin. Further, the view that the pyra- 
midal system has no function of control or inhibition makes 
it difficult to understand how' it can play the very’ complex 
role imputed to it. Lloyd (1941) has provided direct eudence 
of reciprocal innervation (excitation and inhibition) of 
internuncial neurones in the grey matter of the spinal cord 
by impulses descending the pyramidal tract. Denny-Broum 
{loc. cil.) also, paradoxically enough, has given cogent reasons 
in favour of the e.xercise of sucli functions by the pyramidal 
sj-stem, and to these ^ve shall later return. 
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(ti) Tilt Ijiss of Wlkd Movmtnls in Hcmiplrgia 

Our purpose being to consider the role of the pyramidal 
system in the innervation of wiled movements, we may 
leave the question of the positive or release symptoms \vhich 
we must, however, still rcganl as an essential item in the total 
picture of loss of pyramidal function. 

, (a) Pjramulal Lesion in Monkey and Chimpanzee 

It would take us too far aHcId to describe the various 
states of loss of movement resulting from pyramidal lesion 
throughout the wide range of animals from cat to anthropoid, 
and I propose, therefore, to concentrate upon Tower’s 
(19.10, 1944) account of the loss of mov’cmcnt seen in monkey 
and chimpanzee aflcr section of the medullary pyramid. 
No avatlnhle account compares with this in detail and 
completeness, or in the precision with which the lesion was 
produced and anatomically controlled. Subsequently, I 
shall seek to elicit from the disturbances of the upper limb 
in clinically obsen'cd hemiplegia, some of the principles 
illustrated by pyramidal defect in man. 

I confess to a difBcuIty in summarizing the facts of 
observation recorded by Tower, because she has embodied 
her account in a terminology tliat presupposes the theoretical 
conclusions she proceeds to draw, and fact and hjpothesis 
arc thus not alsvays easy to dilTcrcnUatc. This gives in 
places an appearance of inconsistency in the description. 
Thus she hnds that there is diminbbed general usage and 
loss of initiative in all the limb ino\’emcnts, and such move- 
ments as arc retained ore weak and oAen tremulous, in- 
accurate, incapable of modification while in progress, call 
for prodigious effort and lead to excessive fatigue. It would 
appear, therefore, that there is no order or aspect of willed 
movement that is not gravely impaired. In addition, 
hopping and placing reactions of the lower limbs are 
abolished. However, this gross affection of willed movements 
is selective, for while digital movements are totally abolished, 
movements leading to assumption and maintenance of 
postures, rcacliiog and grasping moN'ements persist. They 
arc c\’en said to “ function wdl,” but in what sense is not 
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clear in view of what has already been said of their state of 
efficiency. Nevertheless, an antithesis begins to be developed 
between these two categories of movement, the former 
being “ sharply discriminated against ” by pyramidal 
lesion and “ selectively destroyed.” In the plain terms of 
description as given by Tower, this antithesis is not so readily 
apparent. Yet it is further developed in the final formulation 
of p^Tamidal function, and comes to dominate the hypothesis 
ultimately propounded. Thus, the unique role of the 
p^Tamidal system is the initiation and control of discrete 
movements, especially those of the digits. Secondly, it 
“ enters into all somatic motor activity of any complc.\ity to 
confer upon the stereotyped extrapyramidal performances 
adjustability in space, modifiability in the course of 
e.\ecution, and all modulations of pattern which make for 
aim, accuracy, economy, lability and finish ” (1940, p. 87). 
Thirdly, by its tonic function it provides for smooth and 
continuous action. Fourthly, it shou-s no sign of inhibitory 
activity. 

Willed movements are thus deemed to fall naturally into 
two categories, in respect both of ihcir characters and of 
their anatomical substrata. There is a catcgoiy- of 
" discrete " movements pyramidally initiated and 
controlled, and one of “ stercoty'ped ” mo\'emcnis c.\tra- 
pyramidally initiated and controlled. Not only is this 
second category' ‘‘ stereotyped,” but it lacks qualities 
of adjustability, modifiability, accuracy, aim, lability and 
finish. These qualities, in the normal motions of tlie 
intact animal, are ” conferred ” upon it by the “ modula- 
ting ” action of the p>Tamidal system. It is important, 
if wc are to understand the essential nature of Tower’s 
hypothesis, to bear this curious relationship of pyramidal 
to extrap)Tamidal components in willed movement in mind. 

In a recent paper (Walshc, 1947) I have discussed the 
ambiguous nature and usage of the terms “ discrete ” and 
"stereotyped,” and the fact that once these are given 
definition they arc found unsuitable to any classification of 
%rilled movements and do not provide a true antithesis. 

\Vhat is more important is that we have here a conception 
of central nervous activity that it is difficult to accept. The 
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attachment of the two liyTiothetlcal categories of movement, 
discrete and stereotyped, to separate anatomical structures, 
the pyramidal and cxlrapyramidal systems respectively, 
necessarily invoh'cs certain corollaries. Ex hjpothesi, extra* 
pyramidal components of willed movements lack aim, 
accuracy, etc., and thus we find ourselves once more with a 
" protopathic nervous system ’* in replica, with its own 
peculiar ph)’siological properties and shortcomings and its 
owm distinct anatomical substmtiim, tlic cxtrapyTamidal 
s)’5tcm. Set o\’cr it we have tlic pyramidal system ivliich 
has not only its own specific llinction ofinldating “ discrete ” 
movements, but a secondary {unction of conferring upon the 
crude activities of the extrapyramidal system those high* 
grade qualities it lacks. For “ pyramidal ” svrilc “ cpicritic ” 
and the analogy trith Head’s conception of the afferent 
nen.'0us system is complete. 

Now it is surely not to be disputed that pyramidal and 
extrapyramidal systems arc both in action in, and are 
essential to, all possible willed movements, but their respective 
roles cannot be generalized ^vithin the limits of tills physio- 
logically unreal scheme which pictures a type of nervous 
system that nature has never presented to our gaze {cj. 
Walshe, 1942 (a)). 

It is difTiculc to believe in an extrapyramidal motor 
system so evolved tliat, left to itself, it functions ivithout 
economy, accuracy, aim or finish. On the contrary, we 
know that svhen acting in reflex fashion the complex arcs 
of cord and brain-stem do not so bcliavc, but show a beautiful 
precision and adaptation. It b their nature to do so, nor 
in these circumstances do tliey owe anything to the activity 
of the pyramidal system. Further, there arc various features 
of pyramidal deficit that do not tolly ivith the hypothesis. 
Thus, hopping and placing reactions arc surely not discrete, 
and tlicy form a stereotyped pattern. Yet they are completely 
abolished by pyramidal section. 

(b) Defect and Loss of Willed Alovemsnts in Clinicallj 
Observed Hemiplegia 

Compared with the relative uniformity of its experi- 
mentally produced counterpart, hemiplegia as seen in the 
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human subject is a thing of almost infinite variety within 
the ^s^de range of its extreme manifestations, and it presents 
unique opportunities for the obserN-ation of the evolution and 
dissolution of motor function as \vc study recovering or 
de\eloping hemiplegias and all grades of stable residual 
weakness. To be familiar with all this is indeed to have a 
liberal education in clinical neurology. 

To seek to describe or c\'en to enumerate all the defects 
of movement to be seen in these circumstances \vould be a 
task beyond the scope of the present occasion. I believe it 
unnecessary for me even to attempt it, because the general 
features of the loss of movements characteristic of hemiplegia 
arc sufficiently revealed by a study of the hand and arm in a 
subacutely or slowly developing hemiplegia. 

In the upper limb Uic paresis first appears in the move- 
ments of the hand and digits, and then spreads to involve the 
limb in a central direction and in that “ compound order ” 
of paralysis long ago described by Jackson, and familiar to 
e^’erj* neurologist. 

Three features arc to be noted in this process : the 
number of movements normally possible is progressively 
lessened, and this involves a marked diminution of the 
carieljr of possible movements because many of these are 
combinations and sequences of smaller movements. Thus 
compound movements of the hand and digits weaken, 
dwindle and dbappear early. Secondly, all movements 
become markedly slow in initiation and performance, and 
thirdly, such capacity as is normally possessed to mos’c 
digits indixidually lessens progrcssi\-cly. The progressis’C 
diminution of ilie number of possible movements necessarily 
leads to a greater uniformity of pattern of hand movements, 
and this sve might speak of as an approach to stereotj'py 
in the hand’s actiritics, but this, be it noted, is a very 
difierent tiling from the statement that discrete and variable 
mo\-ements disappear and lca\'e a separate categor)' of 
stercot^’ped mo\'ements ; such a summary ^vould be a 
travesty of ivhat is actually happening. 

In riew of what has been said earlier of the existence of a 
specific category of discrete movements, it is necessary to be 
explicit as to ivhat may be seen as the hand iveakens ivith 
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the dcvelopmcnl of hemiplegia. Fcav, if any, of us possess 
tlic power to move one digit only at a time. Even in the 
familiar gesture of beckoning, the appearance of discreteness 
is illusor)’, for >ve normally fix t!ic other digits by firmly 
flexing them into the palm and then dosing the flexed and 
opposed thumb over them. Even so, the thumb and dipts 
can be felt to contract concurrently svith the index, and'if 
we try to beckon mth the index while the thumb and other 
digits are open, we see them all enter into the movement 
and we 'afe wholly unable to inhibit their participation. 
E^•en the simple movement of alternate flexion and extension 
of a digit is alwaj-s accompanied by a similar movement of 
lesser range by its fellows. In short, a discrete mos'cmcnt of 
a single digit is a feat none of us is capable of. Wliat happens 
as hcmiparcsis develops is that we become Itss able to move 
tlic digits diflcrcntially, but the change is one of degree and 
not one of kind. 

• • Undoubtedly the first group of movements to disappear 
ore those in which the intcrossei, lumbricalcs and the flexors 
and opposers of the thumb engage. Abduction of the fingers 
and extension of die plialangcs arc earlier and more severely 
affected than adduction. As this occurs, the combinations 
of flexion, extension, adduction and abduction arc lost and 
the hand is at once severely disabled, for these arc tlic move* 
ments that gis'c the hand as a whole its %vidc range of rapid 
movements. This is easily seen by the simple test of asking 
die patient to toucli each finger tip in succession to the lip 
of the thumb, beginning dthcr with index or with litdc 
finger. There is a stage at which, while the necessary flexion 
of each digit remains, the necessary adduction and apposition 
arc lost and the thumb and finger dps arc not approximated, 
but Qex futilely into the palm. 

In short, the hand and digits and afler tlicm die forearm, 
arm and limb girdle arc progrcssi\‘ely denuded of movements, 
and ^v•ith this impoverishment, the range and variety of 
mobility necessarily lessens, for the elements out of ivhich 
the normal combmations and sequences of movement consist 
are not there. 

Tlius it is that the ivider and the more complex the com- 
binations’ and sctiucnccs that go to make up a given ivillcd 
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act, the more gravely its execution is impaired. Fiirtlicr, 
since from its very structure the hand is capable of a wider 
range of difierent movements than are possible in the 
pro.ximal segments of the limb, it is the hand that exhibits 
most profoundly the consequences of defect in pyramidal 
function. 

An equally striking feature of the situation we arc 
considering is the very marked delay in starting and the 
sloumess in performing the movements that remain possible 
in the affected hand and arm. In his famous Bridgewater 
Treatise (1829) on “ Tlic Hand : Its Mechanism and Vital 
Endowments,” Sir Charles Bell discusses the relations of 
power and velocity of movement in muscles, pointing out 
that the small hand muscles arc characterized in action by 
their velocity rather than by their power, the proximal 
muscles by their power rather than by velocity of contraction. 
He says : ” Tlic same interchange of power for velocity, 
which takes place in (he arm, adapts a man’.s hand and 
fingers to a thousand arts, requiring quick or lively mo\c- 
ments . . . these small muscles (intcrossei and lumbricalcsj 
attached to the near e.vtremitics of the bones of the fingers 
where they form the first joint, being inserted near the 
centre of motion move the ends of the fingers svith great 
velocity. They are the organs which give the hand the 
power of spinning, wcanng, engraWng ; and as the> 
produce the quick motions of the musician’s fingers thc> 
arc called by the anatomists JidicinaUs." 

Although, therefore, in the paretic arm the mosements 
that arc left arc naturally the slosvest, there is undoubtedly 
a marked slosring dosvn c\-cn of finger movements sshen 
any remain, and this is associated with es-ery evidence of 
great effort on the part of the subject and of rapid fatigue 
svhen such weak slosv movements are persisted in. 

This brief sketch of the sequence of events wlien loss 
of pyramidal function es’olves slowly in a part particularly 
under its influence may be resolved into certain elements : 
(i) There is a slosvly progressive svaning and disappearance 
of movements, beginning in hand and digits and spreading 
proximally up the limb in a central direction and in 
compound order. Ultimately, there may be no movements 
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that arc rot lost, Lut there is an intermediate stage at which 
some movements of c\‘cry part of the limb are lost. As the 
mimbcr of retained movements dwindles, the motions of 
the limb as a whole, or of tlic hand considered separately, 
tend to become more uniform, until svith profound reduction 
so few movements arc left that the pailtrns of movement left 
qualify for the term " stereotyped/’ However, this is not 
because a specific category of stereotyped movements is left 
uncovered in its native imperfections by the loss of a dilTercnt 
category of “discrete usage,” but simply because when 
only one or two movements remain there can be no variety, 
(ii) From the structural qualities of the hand it possesses a 
greater tiumbcr and variety of movements, and of quicker 
movements, than tlie proximal parts of the limb, and in the 
characteristic evolution of paralysis, ll)c movements of the 
leading part, the liand and fingers, suffer first and most 
severely, (iii) There is great and increasing slo^vness of 
mON-cments. 

I do not find it possible to generalize this state of affairs 
in terms of a differential effect upon two distinguishable 
categories of observed movement, discrete and stereotyped, 
the one being lost and the other intact but lacking refinement 
by the category lost. Not only is there a loss of relatively 
simple movements which is maximal at the distal part of 
the limb, but there is strikingly a loss also of those long 
complex movement sequences, of those prccurrcnt or 
anticipatory motions, that employ the musculature of the 
limb as a whole, that is, in the fashion in svhich it is normally 
employed in willed motion. Initiation and direction of 
movement arc both impaired or lost because the inter- 
nuncial path by ^vhich travel the impulses that should 
mediate these functions is interrupted. Sensory impulses 
reach the cortex and are therein integrated and their 
psychical concomitants in consciousness are intact, but the 
wajy out for the activating and directing impulses from motor 
cortex to subordinate motor centres and ultimately to the 
final common path is blocked. Every form of willed 
movements su^rs acconfmgfy. 



III. — The Role of tiie Pyramidal System in 
Willed Movements 

The inference uith which we started, one taken from 
Sherrington’s “ Integrative Action,” is that we should 
regard the pyramidal system as an intcrnuncial one, a sort 
of common path standing between the receptors, the distance 
receptors being dominant, and the motor mechanisms of 
the nen’ous system. The distance receptors arc the great 
initiators and directors of all those sequences of willed 
movement, simple and complex, short and long, antici- 
patoiy and consummalory*, that compose the willed mobility 
of the intact indhidual. 

This mobility involves what Jackson spoke of as co- 
ordination in space and co-ordination in time, and for 
purposes of analysis it is necessary to think of these two 
aspects of a single function in separation, remembering 
always that they are not separated in action. Jackson’s 
aphorism in which he speaks of the two as, respectively, 
the harmony and the melody of movement aptly expresses 
the relation and the natural unity of the two.’ 

Now coordination in time, that is, the ordered sequence 
of movements, must surely be intimately dependent upon 
sensor)- direction, while coordination in space, that is, the 
composition of movement at any given moment, has to be 
thought of as closely dependent also upon the patterns of 
movement laid down in the cortex. 

This point of s-iew- reveak another aspect of our problem, 
namely, whether it is an adequate conception of pyramidal 
function to think of the s>’stcm as simply intemuncial. 
Docs it not, must it not, play some more complax role in 
co-ordination in space than this s-iesv allo\\-s ? This 
in turn raises the larger question of the role of the 
p)Tamidal system within that phj-siological entity we speak 
of as the motor cortex, and to this we m.u.st now give some 

attention. 

* In a ver>' jugvjestive article Lashley (1937) given reasons for thinking 
that co-ordination in time and coordination in sracc represent difTerent t)^^ 
of integration, calling for ditferent mechanisms of org anuatiop in the cerebral 
cortex, and thus for spatial separatioii of the fields in vshich the different 
processes operate. 
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(i) The Relation of I^amidal ^stem to Motor Cortex 

Tltc controversies and the wide dificrcnccs of opinion 
as to the role and constitntioii of the motor cortex which 
have characterized the relevant literature during^ recent 
years [cj. Walsh, 1942 (A)) depend upon something more 
flindamcntal than diflcrences about the meaning of words, 
though these have played a large part, and they indicate 
a general fmlurc since the time of Jackson to grasp all the 
implications of the cortical control of movement. For 
example, what is the relation between the motor cortex 
and tiiat forward lying cortical region whose functions we 
may speak of as eupraxic, that is, what is the relation between 
Jackson’s middle and highest levels ? What is the precise 
role of the pyramidal system of neurones within the motor 
cortex, and are they right who assume, as some appear to 
do, that the cells of origin of the pyramidal tract constitute 
the entire motor cortex? 

For some years an inlluential body of opinion has 
equated the cells of origin of the pyr.amidal system with the 
motor cortex, and has further restricted tins by assuming 
that only the so-called “ giant cells ” of Betz give rise to 
pyramidal fibres. Though tills liypothesb has not been 
explicitly disavowed by its proponents, it is not likely that 
they would noiv seek to sustain it. Ncvcrllicless, hypotheses 
of this order become fixed in the relevant literature and 
continue to influence thought long after they are found to 
be inadequate. It is clear, therefore, that as long as we 
continue to regard the giant cells as the sole cells of origin 
of the pyramidal tract, and equate them with a “ liisto* 
logically defined” motor cortex (Fulton, 1933), we cannot 
possibly begin to think of the. pyramidal system as simply 
an intemuncial one. 

But the facts require that, and the time has come when, 
we must abandon this point of view with the anatomical 
fallacies upon tvhich it was based, and seek some wider 
generalization of the role and constitution of the motor 
cortex and of the pyramidal system. While the latter is 
plainly the main projection path of the former, I submit 
that we err when we assume that the cells of origin of the 
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pyramidal tract, houever wdely wc now know them to be 
distributed, make up the motor cortex in toto. Yet implicitly, 
when not explicitly, this is, in fact, what we have commonly 
assumed. 

It is not Nothin the scope of my present limited task to 
generalize the entire motor functions of the frontal cortex, 
but tlic main outlines of wliat, following Hiighlings Jackson, 
I conceive these functions to be will ser\-e to orientate my 
hypothesis of pyramidal system functions. 

It is clear that however widely Jackson’s \iews on the 
organization of the excitable motor cortex, his “ middle 
level,” may have influenced neurological thought in our 
time, his conception of the “ highest level ” of motor 
integration has not influenced it at all. Thus, the final 
representation of” educated skills,” the function of eupraxia 
as it may be called, is on Jackson’s h^'pothesis laid down in 
the frontal cortex anterior to the excitable motor cortex. 
Yet, for many years, following Liepmann’s famous exposition, 
we have thought of apraxia, that is, of disorders of eupraxia, 
as solely associated with lesions of the supramarginal gyrus 
— though Liepmann was never so exclusive — and we have 
been content with more or less conventional classifications 
of apraxia, e.g., ideational, motor, etc. These disturbances 
are now, indeed, commonly spoken of as indicative of a 
lesion of the supramarginal g>'rus, or of subcortical paths 
leading from it to the precentral gyrus and \ia the corpus 
callosum to the crossed precentral corte.x. Yet, with some 
inconsequence, we continue to regard motor or expressive 
aphasia and agraphia as forms of apraxia involving articulate 
and written speech and to associate specific losses of these 
skills with lesions of the frontal cortex. It may be questioned 
whether lesions of the supramarginal gyrus and of paths 
leading from it cs’cr yield the isolated loss of some specific 
“ educated skill ” such as sve sec in expressis'c aphasia, 
other skills being left intact, and it is clear that there are 
problems involved in this question of the highest le\-el of 
physiological integration of movement that have scarcely 
yet been recognized. But it is not my task to discuss this 
subject further now, and the proposition I submit is that 
whatever disorders of eupraxia may ensue upon lesions of 
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tlic parietal cortex, there is, in fact, a rcprcscntalion of 
educated skills in the frontal cortex, a representation which 
constitutes Jackson’s “highest level.” ^ The functions of 
this arc not to be conceived as of the mere bxiilding up 
ad hoc of learned movement-complexes, from elementary 
units of movement represented in the precentral gyrus. Its 
role is that of a true representation of those large and 
infinitely complex movements that, following Bartlett, we 
can speak of as educated skills, and since these of their nature 
ins’olvc long sequences of movement, it may well be, as 
Laslilcy {loc, ctt.) has su^csted, that temporal co-ordination, 
co-ordination in time, is the essential integrative mechanism 
subserved by this level. To seek to name in morpliological 
terminology the precise topography of this representation 
within the frontal cortex would be to pretend to that figmcntal 
precision that is tfic major and vitiating error of modern 
cortical cytoarchitcctonics (e/. Lashlcy and Clark, ipjG). 

A destroying lesion of this anatomical substratum of the 
cupraxic mechanism abolishes the willed initiation and 
performance of one or more “skilb,” while leaving un- 
impaired the willed performance of other skills even though 
these may employ some or all of die muscles engaged in 
the notv lost skills. The abolition of such a skill, which 
may range in complexity from articulate speech to the 
appropriate handling of some (amiiiar tool, we speak of as 
“motor apraxia.” 

It is, of course, probable that there arc many as yet 
unidentified expressions of negative lesions of the frontal 
eupraxic mechanism : for example, the striking general 
immobility and lack of initiative of some eases of frontal 
lobe neoplasm may be a generalized highest level paralysis 
of almost all skilled usages of the musculature, for this level 
docs tend to engage the musculature as a whole. 

More familiar to us arc the effects of destroying lesions 
of die middle level, the motor cortcsc. Here also movements 
are lost wliile other movements employing some or all of 
the muscles engaged in the lost movements remain intact. 

' There is tome experimental evktence Sug^tlnt; that a motor apraxia 
eraucs in the monkey upon ablation rf the so-callctl “ premotor ’’ cortex 
(^. JacoWn, 1532, Aw. Ais. Rts. A'trt.tml Afal. Dis., 13, 925). 
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The moNcments lost arc of a simpler order than the 
“ educated skills ” we have been considering. The latter 
also, however, must suffer disorder from a middle level 
lesion because this level and its projection path link tiic 
eupraxic mechanism mediately with the musculature, but 
this disorder is not a specific paralj'sis of a skill such as 
characterizes a highest le\el lesion. In neither ease, be it 
noted, can we rightly speak of a paralysis of muscles : a 
point to which \nc will return later. 

We have, therefore, in these two phj-siological le\cls tuo 
orders of representation, both necessarily employing the 
pyramidal s^-stem ; the highest level mediately, the middle 
level immediately. Tlie sensory afflux we may regard as 
acting immediately upon the highest level, and only indirectly 
and through this upon the middle level. 

Experimental cndcncc suggests that the electrical excita- 
bility of the motor cortex depends upon cells that lie in the 
same fifth cortical layer wherein the cells of origin of the 
pyramidal tract arc to be found, but this does not allow us 
to equate the motor cortex with these cells, and I submit 
that they are in all probability simply that part of the motor 
cortex considered as a physiological unit which constitutes 
the “ way out,” and that, in their larger relations, the)’ form 
trith their axoncs that intcmuncial system Sherrington 
originally designated them. 

(ii) The Relation of Pyramidal System to Subordinate 
Motor Mechanisms 

^Ve return, then, to our first conception of the pyramidal 
s)-stem as an intcmuncial one employed by the receptor 
system in the activation and direction of willed movements. 
A great deal is now known of the motor mechanisms which, 
through the medium of the pyramidal s>'stem, the receptors 
activate and control. The w’ork of Magnus and his school, 
building upon foundations so securely laid by Sherrington, 
has revealed what the neuraxis is capable of in co-ordination 
of mo\’ements and of postures, and ^s•e knotv something, too, 
though not yet all, of the role of the nco-cerebellum — an 
organ that is essential to the perfect activation of the 
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scgmcnial motor machine in willed mo%emeiit5 (Walshc, 
•927). 

Comparative physiology has also taught us how, as the 
animal phylum is ascended, the segmental macliine becomes 
more and more dependent upon activation from the cerebral 
cortex and the profoundly immobile, helpless state of the 
monkey aflcr bilateral pyramidal section reveab tlic measure 
of this dependence. 

So far nothing has been said of the “ how ” of this 
activation and direction. The notion of control of lower 
levels by liighcr b fundamental in the Jacksonian conception 
of cN'oIution in the nert'ous system, and control necessarily 
involves inhibition as well as excitation. Yet To^v•e^ lias 
presented us irith an hypothesb of pyramidal activity in 
which inhihition is excluded. Since she speaks (1936) of 
“ fractionation ” of complex synergies as a primary pyramidal 
function it is dilTicuIt to sec how inliibition can be excluded 
from the operative processes concerned. 

Dcnny-Broivn (/«■. eU.) Jjas reccntl)' draivTi auention to 
some observations of Coghill that are gcnnanc to die subject, 
shoeing how the development of segmental or local reactions 
may be arrived at by ilic fractionation of earlier developed 
general patterns. Such a mode of evolution of function 
involves inhibition as a prime factor. It involves the bolation 
of a movement by the inhibition of the other dements in the 
original pattern : a “ diflerentiation by exclusion ” as 
Dcnny'llrown expresses it, adding that “ a cortical movement 
in such a conception would require a widespread inhibitory 
counterpart over all other postural or progressive reaction 
except tliat which aids and augments the action desired.” 

However, when we recall the infinite complexity of 
vrilled movement patterns, it seems unlikely that differentia- 
tion by fractionation can by itself be adequate. At most 
it can be little more than a necessary preliminary to 
differentiation by combination (spatial and temporal), and 
this notion brings us near Leyton and Sherrington’s classic 
infeq>re£ation of the functions of Ihecvcitablc motor cortex'. 
Wiat I am proposing is the idea of the cerebral cortex, 
sensory, eupraxic and motor, the seat of a constantly changing 
flux of excitation patterns, using the pyramidal system as tlic 
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pathway by means of which it achic\cs a fractionation and 
combination (in time and in space), by processes of selective 
inhibition and excitation of bulbospinal motor mechanisms, 
of those reflex synergies that the experimental study of the 
variously truncated nervous system has revealed to us in 
such abundance. By this process of fractionation and 
combination there is \vo\cn the complex and constantly 
varjing patterns of willed mosentent. 

In acting as the agent of this process the pyramidal 
system is passi\ c in the sense that it is driven by the receptors 
through the cortex. This process of driving is what Bartlett 
{!oc. cit.) e.\presses as the “ simple and basic fact of detailed 
determination by receptor function ” ; a function which 
in\ ol\’es the integration of all sensory sources and pro\'idcs 
the basis of spatial and temporal co-ordination, whether of 
large movements or of small. 

But no hj’poihcsis can leave out of account the role of 
basal ganglia and cerebellum in the formation of willed 
movements. It is specifically in relation to tvillcd movements 
that the neo-ccrcbcllum acts, for the reflex reactions of the 
thalamus animal are not impaired by ablation of the cere- 
bellum, and cerebellar ataxy is essentially a disorder of 
willed movements (^Valshc, 1927 ).* Nevertheless, precisely 
how cerebellum and pyramidal s)'stcm collaborate remains 
unknown. In a still deeper obscurity lies the r61e of the 
basal ganglia. No specific contribution to willed movement, 
or even to the complex reflex reactions of the neuraxis, has 
so far been conclusively apportioned to them. In the 
circumstances, speculations abound, but as they add nothing 
to our kno>Yledge of pjTamidal function it is not relevant to 
discuss them. Therefore, any present attempt at a compre- 
hensive Y-ie^v of the functional relations of the pyramidal 
system must suffer from gaps in our knoYvledge, the 
importance of svhich it is diffic^t to assess. 

it is now possibie to coirdatc in broad tenns tbo results 
of a destroying lesion of the pyramidal s)’stem \rith the \-iews 

* This statement should, perhaps, be qualified to this extent, that the tendon 
jerks ia the subjects of a destroying lesion ot the cerebellum — the cerebral 
hemispheres ^ing intact and the power of \olonlary ino\ement not abolished 
— do show characteristic alterations in form and lime relations (Holmes, 

«9«7, «939)- 
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of the functions of this system svincli have been sketched. 
It is reasonable to expect that willed movements wU fail 
in proportion as the activating influence of (he receptors, 
the distance receptors in particular, upon the motor 
mechanisms fails to reach these through the pyramidal 
tract. The failure will be selective where pyramidal acUsity 
is impaired rather than wholly lost, involving most severely 
the most complex and long lasting movements which arc 
most dependent upon continuous sensor)' guidance. These 
will be movements of what Jackson spoke of as the leading 
parts, llius, the arm and hand, tliat “ delicate explorer 
of space in manifold directions,” .may be expected to show 
a greater disablement of its activities tlian the lower limb 
with its far more limited repertoire of mov’cmcnts and their 
more deeply impressed organization in the motor centres. 

Tliis selectivity we should expect to find one of degree 
rather than one of kind, governed rather by considerations 
of complexity than of mere size of movements. 

Further, with impaired direction, such movement 
sequences as persist u-ill not vary during execution to adjust 
to what Sherrington speaks of as “ the vicissitudes of relation 
between bodies in motion reacting on one another at a 
distance.” 

All these defects arc, indeed, what we have found to he 
characteristic of the paralj-sis following pyramidal lesion. 

(iii) The Jtelalhn of I^ramidal Sjntem to Musculature 

Finally, one more point calls for mention in any dis- 
cussion of pyramidal function. The pyramidal tract is the 
projection path of the motor cortex, and we know tliat 
there arc two views of the physiological organization of the 
latter : tlie generally accepted view that the representation 
is one of movements, and the newer view of Foerstcr (1931), 
Fulton (1936), and Hines (1944), that the representation is 
one of single muscles. If we accept the latter vaew we should 
surely have to hold also that the pyramidal tract innervates 
muscles as such, and that pyramidal defect must show itself 
as a paralysis of muscles rather than of movements. Indeed, 
Foerster has not hesitated to aMnmit himself to the statement 
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that lie has seen an isolated paralysis of a single muscle 
from a cortical lesion. No other clinician, I think, has ever 
made such a claim, which, as ever^' student of Beevor’s 
exhaustive studies on this subject knows, is directly opposed 
to all clinical experience. Finally, also, Lloyd’s (1941) 
account of the spinal mechanism of the pyramidal system 
in cats affords no support to any hypothesis of a direct 
innervation of “ single muscles ” by this system, but does 
proride evidence incompatible with it. 

In conclusion, as I realize full \%ell, this paper is no more 
than an adumbration, a sketch, of a theory’ of pyramidal 
functions expressing a point of view for which the most I 
claim is that it is an attempt to go back forty years to the 
philosophical principles enunciated in Sherrington’s “ Inte- 
grative Action," and to those, still more remote, enunciated 
by Jackson ; principles somcss’hat lost sight of in the years 
that have followed. It b also a point of riew that, I believe, 
contains nothing contrary to the known principles of neural 
function, and one which does not involve that incautious 
use of abstractions which has tended to obscure the great 
merits of Sarah Tower’s exhaustive study of pyTamidal 
lesion in monkey and chimpanzee ; a study which, when 
reinterpreted, must prove of high value in the solution of 
the difficult problems of pyramidal function. 

IV. — Summary 

The pjTamidal tract is an intcmuncial path, a common 
path, standing between the massed receptors on the one 
hand and the motor mechanisms of the nervous system on 
the other. It has evolved in particular relation to the 
des’elopment of the distance receptors, perhaps vision alone, 
and has reached its highest importance in man. It is the 
path by vs’ay of which the distance receptors put the motor 
mechanbms of the nervous system in operation ; activate, 
and thereafter direct their action throughout the perfor- 
mance of those sequences of willed movement, short and 
long, simple and complex, characteristic of the normal 
organism. The pyramidal ^siem of itself initiates nothing, 
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ami to sptak 0/ it as “ responsible Jot ” this or that category of 
rrwvmenij is to ignore the source eud mtsve poever oj its aclii-ilies. 
It is simply the channel thiough tvhich pass the impulse colUys 
by which willed movement is activated and continuously moulded 
by controlling cortical afferent patterns of excitation. If this be so, 
tlicii it is concerned with all jxMsibIc tvilled movements, 
and all aspects of willed movement, and if, as lias been 
postulated, the cortex by way of the pyramidal s>’slcm 
fractionates and then combines the functional elements of 
reflex segmental mcclianisms, then c%’cry willed movement, 
short and Jong, small and large, restricted and ample, is as 
wholly pyramidal as it is cxtrapyramidal, and separate 
categories of movement thus anatomically classified or 
groiij)cd as discrete or stereotyped have no existence as 
phenomena ; they arc abstractions not discernible as things 
or events in nature. 

The conception of pyramidal function now so widely 
current lias Uirec grave defects : it overlooks the simple 
and basic fact of detailed determination by receptor function, 
and treats the sensory system as irrelevant ; it fails to appre* 
ciatc that the distance receptors, of which the pyramidal 
system is the agent, tend characteristically to employ the 
musculature as a whole rather than in anything that can 
accurately be called discrete movements ; and, thirdly, by 
implying an equation between the cerebral motor cortex 
and the cells of origin of the pyramidal tract, it is forced to 
attribute to the pyramidal system functions far beyond tliosc 
of its real role as an intemundal path. 

Precisely how the pyramidal sy’stem, or rather the 
cerebral motor cortex, and the neo-cerebellum are related 
remains obscure, but that the activity of the latter is essential 
to the co-ordination of iviWed movements, and tJiat this is 
its main function, is clear. 

Finally, a neurone system fulfilling the role here attributed 
to the pyramidal system must surely be the medium of 
inhibition as one mode of control of subordinate motor 
mechanisms. If this be so, than a corollary of loss of pyra- 
midal action is a dual pictvre mtit positive aod sjegalivc 
elements. In fact, in both the phasic and tonic fields of 
motor reaction there is clear evidence of positive or release 
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symptoms. It seems certain, for example, that the spinal 
flexion reflex, of svluch the Babinski plantar response is an 
integral part, is to be so regarded, while in the tonic field 
indications are not lacking that here also release of function 
is part of the picture of p>Tamidal defect. 
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Chapter VI 


The Integration of Medicine * 

In the coiinc of disaissiom upon the future and dn'clopment 
of medicine tn-o themes recur uith melancholy iteration — 
namely, that specialism is an evil, and that it is incntable. 
For this dilemma in which it seems generally agreed that we 
find ourselves no one proposes a remedy, or lights the path 
we must follow if we are to discover one. In his Hars'cian 
Oration of 1931, before the Royal College of Physicians, 
Sir Robert Hutchison spoke with insight into our situation 
when he said, " Specialism is inevitable ; but though 
fa\X)urable to the accumulation of facts, it is bad for the 
philosophy of knowledge. There is too little speculation 
and too little use of the imagination ; and most scientific 
literature is barren in ideas.” Therein he put his finger 
upon a malady of modem science. 

Yet, svhether the remedy the Harveian orator proposed is 
one we can adopt is open to question, for he went on to sa\ 
that “ it might be a good thing if there were a close time in 
laboratory work, say, for five years, to enable us to digest the 
vast accumulation of knowledge sve already' possess and to 
think out new lines of advance.” Yet I doubt if in the 
present climate of opinion, five years of research inactivity 
would increase interest in the use of the intellect, while, on 
the other hand, if sve could stimulate this interest, a five- /ear 
truce svith facts would be neither necessary’ nor desirable. 
The a\-eragc modem scientific worker, paradoxical as the 
suggestion may seem, is more apt to be a man of action 
than of thought. He tends to distrust ideas. He has not 
ahvays learned to achieve a harmony of obser\’ation and of 
general thought. His output of facts is necessarily reduced 
if he pauses to think about them. It may’ then easily’ be 
said of him that he is not making “ discoveries ” as fast as 
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lie should. In nny ease cannot dam the stream of 
research cflort, even if we do see Iw mucli of it losing itself 
in the sands. 

It is significant that k Is in medicine, and not in its 
so-called ancillary sciences where the situation is not essen- 
tially difTcrent, that an aaitc consciousness of the dilemma 
I am considering should first have dawned. Reasons for 
this arc easily found. Let us take the ease of physiology as 
example. This is now husily exploiting the harvest of 
technological advances in all fields of science, and is adapting 
to the solution of its own problems the methods which these 
sciences — phj'sics, chemistry, and hiochemistry — arc so 
richly providing. 

It has thus come about that a given physiological 
problem, such as the nature of cerebral cortical function, 
may now be approached from so many angles that it 
assumes the appearances of, and is too readily taken to be, 
many disparate and unrelated problems. All effective 
communication in diought tends to be broken betsveen the 
usen of the difTercni exploratory techniques, and information 
accumulates while generalization wilts and dies. To use 
an expression familiar to readers of war reports, the physio- 
logists arc “fanning out” into the unkIlo^vn, and in this 
active stage of their advance fail adequately to realize that 
co-ordination of thought and aim must be retained if 
physiology is to be a colierent body of knowledge. Let me 
take again, as an example, the problem of localization of 
function in the cerebral cortex. 0\er fifty years ago 
Hughlings Jackson, the clinician who discovered the fad 
of localization of function within the cortex, being a man of 
ideas, also made some penetrating generalizations as to tlie 
nature oftliis localization. The era of axperimental study of 
this problem opened S'cry shortly afterwards, and has since 
been pursued with ingenuity, with eagerness, and by an 
increasing number and variety of techniques— tJic most 
modem ones being of great refinement and delicacy. Yet 
tliere has been no comparable development of thought 
upon the subject, and a crude notion that secs in the cerebml 
cortex a mosaic of sharply delimited localizations of fragments 
of function has simivcil virtually unaltered since (he pioneer 
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experimental investigators first bent their energies to the 
ta<;k of discover)’. During all this time Jackson’s interpreta- 
tion and s)’nthesis of the facts have scarcely influenced 
thought. It is not that this interpretation has failed to 
generalize the facts, it is simply that it has largely failed to 
excite the interest of research workers. The taint of ideas 
that clung to it, and the bend sinister of its clinical pedigree, 
have together provided the experimentalist rrith an excuse 
not to think about it. 

Nor is this preoccupation with the collection of informa- 
tion the only factor in the disorderly stale of knowledge on 
this and allied subjects. As Trotter has pointed out, and 
abundantly exemplified, in more than one of his penetrating 
addresses, phjsiologists commonly, and naturally enough, 
pursue their science for its own sake. Theirs is therefore 
by definition a liberal profession, while that of a physician 
is a useful orte. I make this distinction in no insidious sense, 
but in the sense employed by Newman in his lectures on 
“ The Scope and Nature of University Education,” where 
he sa)s : “ That alone is liberal knowledge which stands on 
its own pretensions, which is indq>endcnt of sequel, c.Npects 
no complement, refuses lo be informed (as it is called) by 
any end, or absorbed into any art in order duly to present 
itself to our contemplation.” Thb quality, which phpiologs- 
as a branch of liberal knowledge shares with such ph^-sical 
pursuits as cricket and fox-hunting — as Newman also 
points out — is not shared by medicine, whose aciiritics 
have an end other than themselves, namely, the health and 
well-being of the communit)'. 

I do not wish to be taken as impl>ing that the fruits of 
physiological research arc not useful — indeed, we know that 
the)* arc not rarely potent weapons in our hands — but as 
emphasizing that this last result is, when it happens, 
fortuitous, and is not one that the ph)’siologist as such 
intends or is interested in. In short, in medicine we have 
to apply our knorvledge, howc\*er garnered, to well-defined 
ends, to the prevention and cure of illness and, as a corollar)* 
to this, to the training of the doctors of the future. It is this 
that brings home to us, whether we will or not, the dangers 
inherent in the unceasing cx|Minsion and differentiation of 
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the field of knowledge. M IiM been aptly said, once we 
seek to go beyond the basic dcmciiM of medicine as we 
know it, we tend to know more and more of less and less. 
Thus it happens that those responsible for the training of 
our successors too often find themselves imparting unrelated 
categories of information and partial and often conflicting 
generalizations culled from different fields of medicine, and 
it is becoming nobody’s business, and seems less and less 
within anyone’s cap.acity, to teach medicine as a whole, or 
to build into a coherent body of knowledge the several 
contributions of the specialists. 

It is therefore because ours is a useful rather than a liberal 
profession tliat we have been forced to face the situation 
created by the accumulation around us of more, and more 
diverse, information than we can digest and assimilate. 
Hughlings Jackson \vas clearly atvare of this, over fifty years 
ago, when he said ih.'it “ we have multitudes of facts, but 
we require, as they accumulate, organizations of them into 
higher kno^vlcdge ; we require generalizations and working 
hypotheses. Tire man who puts txvo old facts into new anti 
more realistic order deserv'cs praise as certainly as does the 
man who discovers a new one. There is an originality of 
method.” But in tliis, as in much else, Jackson was before 
his own time and ours ; and thus it is that physiology, true 
to its nature as a branch oflibcral knowledge, sees no reason 
why it shoxild not continue to browse at xrill upon the rich 
pastures of uncropped knowledge, giving no thought to any 
philosophy of knowledge, while medicine faced by its 
ultimate purpose, has clamant responsibilities in the ordering 
of the knowledge at her disposal, and in the maintenance of 
a balance of activity and thought, that she dare not continue 
to evade. Medidne, then, has come to sec that the unending 
additions to knowledge call urgently for a corresponding 
measure of integration. Yet we must try to strike a fair 
balance in this matter. Let it not be thought that I am 
making odious comparisons behveen physiologist and 
physician. We arc both in the same boat, and in medicine 
xvc need not flatter ourselves that it is primarily out of any 
intellectual disquiet, or out of a divine discontent with the 
chaos of information that lies around us, that we have been 
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brought to realize our di!ciiinia» namely, the necessity and 
the evil of specialization. Wc arc as innocent of any 
philosophy of knowledge as the physiologist. Our concern 
arises because much that is implied in the term “ specialism ” 
has come to be an obstacle to the teaching and practice of 
medicine. 

Nevertheless, by \vhatc\cr channel this anareness of the 
disorderly state of our science has reached us, wc arc at 
least generally agreed that we cannot indefinitely go on as 
we are, and that something must be done to bind the broken 
foundations of medicine and to make it something more 
than a congeries of ingenious techniques and unrelated 
fragments of knowledge. This, at any rate, howeser gained, 
is something gained. 


Integration KEti*s Pace with Differentiatios 

The thought that I am trying to develop will be familiar 
to many of you. It is summed up in the aphorism so familiar 
to neurophysiologists, “ Integration keeps pace with differ- 
entiation.” This is a fundamental principle in the evolution 
of the nen’ous s)'stcm, and I cite it because I believe it to 
have a sital meaning for us in my present connection. Wc 
owe its original formulation to the now disregarded genius 
of Herbert Spencer, from whom it was taken and so fruitfully 
employed by Hughlings Jackson. Derived anew from this 
latter source, it became a guiding inspiration in Sherrington’s 
monumental contributions to experimental physiology, and 
its influence may be seen in the title he gave to his classic 
work of 1906, “ The Integrative Action of the Nervous 
System.” Yet it is not so much with integrative action of 
the neivous system in respect of the organism as a whole 
that I am concerned as with the dc%-clopment svithin that 
system, as it becomes progressively more differentiated, of 
structures and fuactions designed to control and to unify 
the several parts and to make them into a harmonious whole. 
In short, integration docs, as an obser\’ed fact, keep pace 
with differentiation in the es'olution of that system. 

This conception is capable of a wider meaning than that 
given to it by the physiologist, I submit that it expresses 
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something' iHlicic/ii in scientific (Jiougiit and constandy 
found in truly scientific endeavour. 

Let us now replace the term “ diflerentiau'on ” by 
“ obscn’ation ” and the term “ integration ’* by “ inter- 
pretation and synthesis.” Observation leads to the increase 
and dincrentiation of information, while interpretation and 
synthesis arc its integratiort into ordered kno\vIedgc, and 
I suggest that in the process of scientific thinking inter- 
pretation and synthesb must keep pace with obscr\'ation if 
a coherent body of knorvfedgc ts to he forged. From (his 
we pass easily and naturally to the notion that tliere is a 
rhytlim in scientific thought, the two elements obsen-ation 
and interpretation alternating. 

Tlie feeling ifiat tijcre is such a natural rhythm in 
thought, a cyde in whidi observation and interpretation 
alternate, is widely implidt in our literature in respect of 
all branches of knowledge. It finds expression in such a 
statcihcnt as that of Lord Acton : “ The main thing to 
learn isnot the art of accumulating materia), but thesubh'mer 
art of investigating it” While in Matthew Arnold’s essay 
on “The Function of Critidsm” u'c read : “The grand 
work of literary genius is a work of synthesis and exposition, 
not of analysis and discovery.*’ Coming to our own fidd, 
we find Abraham Flexner svritiog : “ Data of one kind or 
another arc not so difficult to obtain j but generalization is 
another matter. . . . The two processes — the making of 
hypotheses and Uie gathering of data — must go on together, 
reacting upon each other.” But the notion gets its fullest 
and most explicit formulation in a passage from the first 
volume of Awold Toynbee’s “Study of History,” svhich 
I have already quoted elsewhere, and do so again, to rein- 
force the cogency of my theme with tlie authority of this 
erudite thinker on history. He says : 

“ Scholarship makes its progress by a rhythmic alternation 
between the two activities — the collection of materials and 
(heir arrangement, the finding of facts and (heir interpretation 
—just as a physical orgaiusm lives and grows by an alterna- 
tion between eating and digestion. The old fable of tlie 
belly and tlie members points the moral that neither activity 
is superior or inferior, prior or posterior, primary or parasitic, 
but that each is inseparable fiwn the other as a part of the 
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same wliolf, and comjdciiicntar)- to tlic otlirr as a pluise in 
the same recurrent process. For the alternation perpetually 
recurs m virtue of the \-cry nature of thought. When the 
mind is employed in finding facts, its sheer success inhibits it 
sooner or later from fact-finding uninterruptedly and ad 
infinitum. Sooner or later it finds itself so formidably 
bclcagurcd by the mass of facts which it has gathered round 
it tiiat, until it has sorted them out and arranged them in 
some kind of order, it can no longer sally out into the Universe 
to gather more, llicn the mind changes its activity perforce 
and employ's itself for a scasoti in making syntheses and 
interpretations. Yet now, once again, its sheer success 
inhibits it from working uninlemiptedly and ad jn/injfuni at 
bringing order out of chaos. Sooner or later it finds that it 
has reduced to order all those matcriab vs hich it had collected 
in its last fact-finding rcconnaiss.ince. Fresh facts must now 
be found before Uic process of synthesis and interpretation 
can be carried further. . . . No collection of facts is ever 
complete, and no s>Tithcsi$ or interpretation ever final. . . . 
This rhvthm is native to thought in all its dilTcrcnt channels. 
In the channel of Plipical Science, we have seen that thought 
Itas recently passed out of a fact-finding phase into the ne\t 
phase ofs>Tithesis and interpretation.” 

Thus TojTibcc, and, mulalis mutandis, tshat he has to say 
of the study of liistor)' applies to medicine and the sciences 
ancillary thereto. In a remarkable foreword to Ids book on 
anaphylxMs and immunity, Maurice Arihus, with a true 
French clarity, tells us how this balance is to be achieved, 
and how vital to science it is. This foreword has recently 
been translated into English under the title of ” The 
Philosophy of Scientific Investigation ” by Sigerist, and 
published by the Johns Hopkins Press. He says ; 

*‘ The experimentalist must ponder and meditate deeply 
over the problems raised. ... In order to make some 
progress in the experimental sciences one must meditate a 
great deal. I have repeatedly mentioned,” he goes on, “ the 
necessity of controlling the lacis observed, of discussing the 
interpretations proposed and the meaning attributed to 
them, in order to accept as true and valid only what has 
stood the indispensable test of scientific criticism. This 
presupposes a special mental attitude which, unfortunately, 
is hardly developed in the schools, colleges, or perhaps even 
in the universities, namely, cridcal sense. This is the 
tendency of the mind to seek the true value of facts and 
results, of methods and of concepts.” 
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It should not be necessary for me to labour this point 
any more, yet I bclic\c that few would contend that during 
our lime either medicine or its ancillary sciences have con- 
sistently honoured these principles of scientific thought, or 
have conformed to this rhythm of which Toynbee speaks 
as “ native to thought in all its different channels." We 
have, in fact, with some brilliant exceptions, been far too 
readily satisfied with fact-finding, and two little regardful 
of those intellectual instruments by wliich facts arc inter- 
preted and generalized. Tlie work of Hughlings Jackson 
was such an exception, and another that stands out in my 
mind is that of Sherrington in the field of physiology. I 
can yet recall the feeling of exaltation trith tvhich, as a 
student of physiology over thirty years ago, I first read his 
“ Integrative Action.” Here were new facts of observation 
in rich abundance, and how beautifully co-ordinated ! 
With what logical precision the c.xposition of them advanced 
from step to stop, and trith what penetrating scientific 
imagination was their significance revealed ! This perfect 
rhythm of observation, interpretation, and synthesis, which 
is the hall-mark of sciciuiftc genius, has characterized all 
Sherrington's work and has made of it a unified whole, a 
brilliant chapter in the s{ory of the nervous system. 

In the clinical field we see the same brilliant qualities 
informing the studies of Trotter and Davies on cutaneous 
sensibility. Here, vvilliin the brief scope of two papers, w'c 
find as complete a harmony of observation and interpretation 
and as finisfied a piece of medical researcli as modern 
medicine lias to show. A comparable trend is seen in Head’s 
work on sensation, a rhytlim of observation and interpretation 
and a continuity of tiiought over a long-sustained research ; 
and if the observations in some details have since proved 
fallacious and the interpretation sometimes unduly abstract, 
the whole is an impressive c.xample of the normal rhythm 
of scientific thought with its own elements of grandeur. 

To sum up this stage of my thesis, therefore, we see that as 
new facts increase in number and div’crsity, the need for their 
interpretation and synthesis increases in correspondingdegree. 
By these means we forge those general principles tliat keep 
knowledge coherent, and make ofit truly scientific knowledge. 
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One is sometimes asked what, precisely, one refers to by 
principles of medicine, and I admit that the term is apt to be 
used without due definition. Let me tax your patience by 
yet another example from the field of neurology. The 
generalizing mind of Htiglilings Jackson, surveying the 
wide range of phenomena of disease of the ner\-ous system, 
discerned that the totality of these phenomena could be 
subsumed under four headings, that the functions of the 
ner\-ou5 system could react to damage in but four essentially 
different ways, svhalcvcr the nature of the pathological 
process concerned. He thus was able to formulate four 
corresponding generalizations. He then went further, and, 
taking the phenomena of nervous disease as a whole, he 
saw that these constituted an orderly reversal of the natural 
evolution of function in the nervous system, whether con- 
sidered phylogenctically or ontogcneiically. lie was thcic- 
upon able to formulate a further and wider generalization 
—namely, a general principle of dissolution of function in 
the nervous system. Although seventy years have elapsed 
since this was c-xpounded — years rich in new knowledge of 
relevance to the problem— it still provides a generalization 
of wide validity and great usefulness. Thus, however dis- 
couraging the therapist may find diseases of the nervous system, 
we have in neurology a coherent body of knowledge more 
closely based upon anatomy and physiolog)’ than any other 
branch of medicine, saving only cardiology, which has a body 
of general principles of a like order. Such a consummation 
should be our aim over the whole field of medicine. 

No one will deny that there arc dangers inherent in the 
use of generalizations — for example, the tendency to fit tlie 
new facts into the procruslean bed of ihcoiy, where know- 
ledge may become rigid and die. Incautious abstract 
thinking has, indeed, been described as “ a major vice of 
the intellect,” and no one has spoken more cogently of its 
dangers than Trotter. Nevertheless, he has also told us that 
ideas keep science fresh and living, and when properly used 
are in no danger of ceasing to become the nimble servants 
of truth. Therefore, even though the intellectual instruments 
of abstract thought and generalization may turn in our 
hands, we must yet use them if we are to advance. 
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Now, those of you who may be rauly to accept tlie point 
of view I am trying to advance may still ask me iiow we arc 
to apply it. How arc we to reduce the vast accumulation 
of facts to some sort of order, to elicit general principles, and 
to build a coherent science and art of medicine ? From the 
very nature of tilings we shall never achieve finality, but at 
least we can try to tidy up as we go along. 

I believe, in brief, that we must be imbued with a vivid 
realization of the fact tliat scientific thought and activity make 
up a rhythm of which observation on the one hand, and 
syntJicsis and interpretation on the other, arc the elements, 
and lliat the mere eliciting and recording of factual details 
arc by themselves not science, and do not become so until 
the cycle is complete. In other words, we need a wholesome 
respect for ideas as an integral part of scientific thought. I 
cannot help thinking that if in evtr>’ centre of original work, 
clinical and laboratory, workers were constantly aware of 
the principle that integration acknowledge should keep pace 
witli its difTerentiatlon, we should find many fewer disjointed 
and apparently purposeless observations swelling the mon- 
strous bulk of sdentific literature. I sometimes doubt 
whether one is justified in recording in print a new 
observation unless one abo seeks to indicate what it holds, 
and to apply the inductive process to it. One should not 
fling a raw fact on to paper in public, as a keeper flings a 
chunk of raw meat to a tiger. I believe that in medicine 
we have a unique advantage in this respect over the purely 
experimental scientist, xa that medicine, while becoming 
increasingly an experimental, has long been and must 
continue largely to be an observational science. In its 
obscrs’ational aspect it deals with a supremely difficult 
material under conditions that make constant demands 
upon intuition and judgment. Nature is not interested in 
scientific method, and the experiments she provides for us 
in the guise of disease and injury we have to take as we find 
them ; we cannot subject them to the necessary but artificial 
simplification that is the essence of a good experiment. 
IFe are tJie/efore' forted to think, to synthesize, and to 
interpret our evidence to a point rarely necessary in the 
designed laboratory experiment. While, tlieiefore, we must 
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welcome the incrcasuig role of c.xpcrimcnt in the study of 
medicine, \\e must be on our guard not to be infected by the 
distrust of ideas characteristic of much experimental work, 
but continue to use the intellectual assets which experience 
of clinical obser\'ation gives every good doctor. 

I confess that I have inflicted many quotations upon you, 
a fault which one filling the role of orator should never 
commit, but my object in doing so is to emphasize, as clearly 
as I am able, that my thesis is no new one, no private bee 
buzzing in my bonnet, but one that has often been main- 
tained and e.\emplifted by those whose labours in the realms 
of obscr\’ation and ideas have shone most brightly before us. 


Tasks Involved in Rebuilding of XlEDiasE 

If you have followed me so far, >ou will probably agree 
that tljere is one simple tvay in which each of us can con- 
tribute to the integration of medicine — by seeing that in 
any addition we may be able to make to the sum of medical 
knotsledge >ve tidy up as we go along and conform to the 
natural rhythm of scientific thought, and that we try to 
build our fragmentary contribution into the general body 
of relevant knowledge. 

A second task involved in the rebuilding of medicine is 
to ensure, as and when the human resources are available, 
that those >vho liold key positions in centres of medical 
education and research shall be men interested not only in 
research and routine teaching but also in general ideas. 

This may pro\-e no easy task, for such men are rare, and 
the trend of values hitherto has not been such as to encourage 
them to follo\v their bent. You cannot find them by offering 
professorships, as some suppose, but you can always offer 
them full opportunities w’hen you find the men. Encourage- 
ment must begin ^vhen tliey are young, and before they 
become moulded or resigned to the ephemeral patterns of 
current orthodoxy. The young worker must be allowed to 
retain his intellectual independence and to pursue the 
problems he has found for himself — as the best men do 
find them for themselves ; he must also be allowed some 
vestige of freedom by the editors of those scientific journals 
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in which hh work reaches ihc world, in developing hh ideas, 
so that hb papers arc not reduced by the editorial blue pencil 
to those drab sequences of experimental protocols that for 
too many appear tlic ideal of a scientific paper. An editor 
should be “ no envious Juno sitting cross-legged over the 
nativity of any man’s intellectual oiTspring,” as Milton sa>-s ; 
and wiiocvcr believes that the cettsorship of ideas survives 
to-day only in tlic totalitarian State imagines a vain thing. 
Tlic original sanctions may have gone and a ccnsorslup’s 
formal existence liave ccas^, but the itch to sufibcate the 
infant idea burns in us all in greater or less measure. 

I may seem to have wandered far from my opening 
theme, namely, the evil and the necessity of specialbm in 
medicine, but I believe that, in fact, I have not done so. 
The danger of specialbm b not so much that a man dc%'otcs 
hb major activity to a restricted field of knowledge in 
medicine, but that he b so apt to become absorbed in ils 
detaib, and still more In those of the complex instruments 
that are now so freely at hb dbposal, that he unwittingly 
cuts adrift from the general body of medicine and goes off 
on a voyage of hb own. 

TIterc are in truth no irrelevances and no contradictions 
in nature, nor can there be in any coherent body of 
knowledge. The specialist, therdbre— and I use the term 
in its strict and not in its joumalblic sense — mtjst ding fast 
to the foundations of medicine, for only thus can he integrate 
hb contributions to knowledge and orient them, and avoid 
tlie multiplication of those conflicting aJ hoc hypotheses with 
which medical and allied literature are littered. 

So, too, the teacher of medicine has a like obligation 
to interpret as far as possible and to keep a lively interest 
in general ideas. Tlds applies with greater force to the 
academic than to the purely dinical teacher, who has a 
major responsibility in handing on the art and the techniques 
of medidne. 

Last, there are our textbooks. It has now become the 
almost universal practice for a textbook of medidne to be 
the algebraical sum, if not often the integration, of the 
knowledge of a body of specialists. There is a danger 
inherent in this plan, forced upon us though it may be, for 
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it demands in the editor of such a compilation gifts of detailed 
knowledge and of generalization that few can hope to 
possess. In these circumstances, also, an editor has to have 
a clear idea as to the circle of readers he is providing for, 
as to the particular want he desires to satisfy. ^Vhat is best 
for the student is not necessarily adequate for the follower of 
higher studies, and what the latter requires is not the diet 
for the student. Too often we sec an attempt made to 
make the best of both worlds, with the result that neitiicr is 
Asiscly catered for. Of all textbooks it may not unfairly be 
said in our day that they arc more interested in facts than in 
ideas, and an urgent task before us is some recasting of them. 
It is significant of the trend of current thought that whereas 
formerly textbooks of medicine claimed to expound the 
“ principles and practice ” of medicine, no modern work 
of the kind makes even a titular claim to concern itself svith 
principles. 

Finally, there is a pseudo-integration of medicine agaiast 
which we are not always sufficiently on our guard. This is 
e.xemp!ified in the numerous doctrines of those uho see tljcir 
osvn specialty everysvhere in medicine, who have their own 
touchstone by which all the phenomena of illness arc to be 
assessed. They measure every man’s com by their own 
bushel, and are obsessed by this or that cult of ideas and arc 
always proselytizing. They make up those cohorts of hol>by- 
horse riders who cavort noisily to and fro across the field of 
medicine, throsring up dust into our eyes. 


The Kole of General Education 

Now if this notion of what is requisite to advance in 
medicine has validity it must presuppose an adequate general 
education as a foundation. If those who come after us are 
to be equipped to obscrs'c and describe accurately and 
interpret logically and imaginatis’cly, their training to these 
ends must begin svhilc they are still young, and their school 
education should not be based upon short-sighted utilitarian 
considerations, or be of what I may call a polytechnic order, 
but should include as its very foundation a thorough training 
in the use of that noble instrument for the expression of 
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thought and feeling, our mother tongue, in the expansion 
of tJiat instrument by ihc right use of analogy, and in its 
logical employment. 

In brief, ^vhat I am invoking arc the three arts of 
grammar, rhetoric and logic. If sve lack a command of 
language we cannot hope to pnxlucc, formulate or entertain 
general ideas or make c\'cn the simplest cssaj-s in abstract 
thinking. 

Now, those who are familiar ssith the aims and methods 
of the mcdixs’al university will recall that these three arts, 
composing what was called the Irivium, formed the basis of 
university education. It may perhaps be argued that in the 
Middle Ages, the ages of scholastic philosophy and of 
theological disputation, these three arts tended to be followed 
as an end in themselves, tli.it the training in clear exposition 
and thought was what I have already called a liberal 
education with no end other than itself, and that it led to 
mere lo^c-chopplng and to no •ndv'ancc in natural know- 
Ictlgc. Some of this may be true ; I c-xpress no view upon 
it, and I am not proposing the revival of these arts merely 
as an entertaining and stimulating variety of mental 
gymnastics. I put tliem before you as an essential 
preliminary to that clarity of thought and cxprcs.sion that 
is one of the weapons of scientific advance, of the tools with 
which we punsHc natural knowledge. From this it 
follows that the greater our command of language, the 
more clearly and deeply we can tliink and express our 
ideas. I submit, therefore, that a command of language, 
and its logical use, are vital prcHtrunarics to any scientific 
training. 

Some may ask me where rhetoric comes in. In its 
original and its mediaiv’al sense it refers to the e.xpansion and 
condcns.ation of discourse by anali^- and figure of speech. 
Wherever we find lucid and vital English, there we find 
rhetoric. ^Vhat a text of iovnely and illuminating rhetoric 
are the psalms, for example. Rhetoric has its place in the 
e.xprcssion of those ideas we dcriv'e from the study of facts, 
nor can we icach without it 

In short, what I am proposing is that a humane education 
is an invaluable asset to any youth cnib.arking ujion the 
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study of medicine. I am au-arc that I raise the banner of a 
forsaken cause when I say this ; but, nevertheless, twenty-five 
years of clinical teaching have Ailly persuaded me that when 
I find a clinical clerk who can stand up and read at a ward 
\-isit a case histor>' that is a wclI-ordcrcd, lucid, and fiucntly 
expressed account of the patient and his situation, that 
student uill almost invariably be found to have had a sound 
education, and not a mere course of instruction of the 
polj'technic order, a utility education. This is why we 
must all deplore the practice of turning boys over to 
premcdical subjects exclusively, or almost cxclusivel)', 
directly they jump the hurdle of the school certificate. Too 
often they come to us semi-articulate, their budding ideas 
imprisoned behind the bars of an inadequate command of 
expression. It is between the ages of fourteen and eighteen 
that the capacity for pursuing a line of thought and for abstract 
thinlung develops, and it is then that the adolescent should 
find himself prosided with the necessar>’ instniments of 
speech. “ Give me,” says Milton, “ the liberty to know, to 
utter, and to argue freely.” If we changed this by saying 
” Give me the literacy to know, to utter, and to argue 
freely ” we should not really be altering the sense, for it is 
the capacity to express it that gives liberty to thought. 

CoKCLirSION 

Wliat I have had to say is somewhat remote from the 
medicine that presents itself to us in our daily lives. Yet 
as wc grow older the urge to lift our eyes from the details 
of the little plot in which each of us labours becomes ever 
stronger, and wc arc impelled to look round upon the wider 
field of natural knowledge as a whole. Some may even feel 
the pull to^vards some philosophy of knosvledge, towards 
those common truths to which all science must be obedient. 
Man does not live by facts alone, but cra\’es also for 
generalizations, and the desire for some philosophy of 
knowledge bums, if with rarjing intensity, in all of us. 

Looked at in this spirit, how untidy and in places how 
overgrown the field of medicine seems to be ; in other 
places how bare, how precariously balanced the whole 
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upon the unccrlain foundations of biological knowledge ! 
So it nuist remain until we de\'cIop a wider and deeper 
consciousness of what constitutes ordered knowledge and 
of the cycle of thought by which it is to be achieved. 

Yet, to feel some discontent tvith medicine as ^ve find it 
docs not imply any lack of pride in its achievements, nor 
any diminished seme of privilege in seeking to serve it. 
If one is a critic, it is, I trust, in the spirit expressed by Milton 
when he says : “Tor he who freely magnifies what hath 
been nobly done, and fears not to declare as freely what 
might be done better, gives ye the best covenant of his 
fidelity.” 


frinUd In Crtil B’ 
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